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Spin-Dependent Transient Effects in Electron Transport
in the Quantum Dot System
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We study the effects of the Coulomb interaction U between the electrons of opposite spins localized in the
quantum dot on the time-dependent electron transport through the quantum dot coupled with two non-magnetic
leads. We calculate the transient spin-dependent current generated by a pulsed bias voltage applied across the
quantum dot system via the equation of motion method for appropriate correlation functions. The influence
of the Coulomb interaction on the quantum coherent oscillations and beats of the current, spin current and
current polarization ratio is studied. Our results indicate that the coherent beats in both the total and spin
currents observed in the case of vanishing Coulomb interaction are strongly suppressed by non-zero Coulomb
interaction. We also show that in the case of the pulsed bias almost fully polarized current occurs in some
time windows for non-vanishing Coulomb interaction contrary to almost pure charge or spin current at vanishing U .

PACS numbers: 72.25.−b, 73.63.Kv, 85.75.−d

1. Introduction

The spin coherent dynamics and the electron trans-
port through the quantum dot (QD) have mostly been
studied beyond a transient timescale after a bias volt-
age was turned on (e.g. [1–4]). However, in the con-
text of emerging field of spintronic or recent experimen-
tal advances in the studies of the QD subjected to ul-
trafast voltage pulses, it would be desirable to perform
the time-dependent simulations of the charge and spin
dynamics also in a transient timescale when some QD
system parameters were suddenly changed. The calcula-
tions in which no Coulomb interaction between the elec-
trons localized on QD was accounted for were reported in
literature (see, e.g. [5–7]). The coherent quantum oscil-
lations and beats of the total current and spin current
flowing through the QD coupled with two leads were
obtained for the QD placed in some external magnetic
field. On the other hand, similar calculations performed
for the magnetic QD with the intra-dot spin-flip scatter-
ing taken into consideration show that the amplitude of
the beats is significantly suppressed [8]. As the intra-dot
Coulomb interaction is much more important in describ-
ing the properties of the electron transport through the
QD in comparison with the intra-dot spin-flip scatter-
ing, first of all, it would be very desirable to consider its
influence on the total current and spin current. In this
communication the results of such studies are reported.

2. Theory

We consider the QD coupled with two non-magnetic
leads described by the Hamiltonian H = HDot + HL +
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HR + HT. Here HL/R =
∑

kσ εkσ(t)c+
kσckσ, where ckσ

(c+
kσ) annihilates (creates) an electron with the wave vec-

tor k and spin σ in the left (L) or right (R) lead and
εkσ(t) is the energy of lead electrons, HDot =

∑
σ[εdσ(t)+

σEZ/2]c+
dσcdσ + Uc+

d↑cd↑c+
d↓cd↓, where εdσ(t) is the QD

level, EZ is the Zeeman energy due to some external field,
U is the Coulomb interaction between two electrons lo-
calized on the QD, cdσ (c+

dσ) annihilates (creates) an elec-
tron in the QD and HT =

∑
αkσ Vαkσc+

kσcdσ+H.c., where
α = L,R and Vαkσ is the coupling parameter. The cur-
rent from the α = L, R lead to the QD is calculated from
the time evolution of the total number operator of the
electrons in the α-th lead and for example for α = L, one
obtains

jL(t) =
2e

~
Im

∑

kσ

Vkσ(t)〈c+
dσ(t)ckσ(t)〉, (1)

where the operators are the Heisenberg ones and the aver-
ages are with respect to the equilibrium grand-canonical
ensemble. The populations of the QD energy levels are
obtained from the knowledge of the correlation function
〈c+

dσ(t)cdσ(t)〉. The required functions 〈c+
dσ(t)ckσ(t)〉 and

〈c+
dσ(t)cdσ(t)〉 can be obtained writing down the equation

of motion (EOM) for them. As the Coulomb interaction
U is included in our model, the set of equations produced
by the EOM method for higher order correlation func-
tions cannot be closed without applying an approximate
truncation procedure. In our case we have decoupled the
appropriate higher-order correlation functions on a suffi-
ciently deep level of calculations in order to be sure that
the electron correlation effects are included beyond the
mean field approximation.

3. Results and discussion

In the following we have calculated the spin resolved
currents and QD occupations in a transient timescale
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when the bias voltage was suddenly applied to the QD
system in question in the form of one step-like pulse or
repeated step-like pulses with the period T . In the nu-
merical calculations we have chosen e = ~ = 1 units, all
energies are measured in Γσ

L = Γσ
R = Γ units, the time

and current in ~/Γ and eΓ/~ units, respectively. Here
Γσ

L =
∑

k |Vkσ|2δ(ε− εkσ). We assume that for zero bias
voltage the empty QD energy levels ε↑ and ε↓ are below
and above the Fermi energy of both leads. At t = 0 the
tunneling between QD and leads is switched on, thus re-
sulting in the subsequent current flowing from the leads
to the QD until the equilibrium conditions are achieved.
Now the step-like external bias is switched on resulting
in sudden shift of QD energy levels and the right lead
Fermi level.

In Fig. 1 we show the resulting spin current j↓ − j↑

and the total current j↑ + j↓ calculated for the parame-
ters which allow us to observe well defined structures in
the transient regime. For vanishing Coulomb interaction
we observe typical quantum beats and coherent oscilla-
tions of the total and spin currents [5, 7]. The quantum
beats are the results of the slightly different frequencies
of the spin-up and spin-down currents [5]. The situa-
tion is quite different for non-zero Coulomb interaction.
Now the frequencies of the transient spin-up and spin-
-down currents differ much more in comparison with the
U = 0 case and the amplitude of the quantum beats is
suppressed.

Fig. 1. The time dependence of the current j↓L + j↑L
(thick lines) and spin current j↑L−j↓L (thin lines) flowing
in the QD system in response to the sudden downshift of
the QD energy level (−80) and the right lead Fermi level
(−160). The solid (dotted) line corresponds to U = 15
(U = 0) Coulomb interaction. EZ = 4 and the step-like
bias voltage pulse is supplied at t = 5. The results for
U = 0 and U = 15 are separated vertically by 0.2 for
clarity.

In Fig. 2 we show the polarization ratio r(t) =
2(jtotjspin)/(j2

tot + j2
spin), where jtot = j↑+ j↓ and jspin =

j↓ − j↑, respectively. The r(t) is equal to ±1 for fully
polarized currents and r = 0 for pure charge or spin cur-
rent [8]. We show r(t) obtained for the step-like pulsed

bias voltage with the period T = 1 for vanishing and non-
-zero Coulomb interaction U . The thin lines correspond
to the step-like bias pulse. We observe that in the case
of the single bias pulse the polarization ratio strongly
oscillates during the initial transient and is small other-
wise, especially for the U 6= 0 case. Let us note that
the quantum beats which are present on the spin current
curves for vanishing Coulomb interaction (see Fig. 2) re-
main also very distinct on the r(t) curves. The structure
of r(t) for the pulsed bias is quite different in comparison
with the one-step bias pulse. Now we can observe the
repeated time intervals in which the large values of the
polarization ratio are present. However, the overall struc-
ture of r(t) is different for the U = 0 and U 6= 0 cases.
The difference is especially remarkable in the second half-
-part of the period T (5.5 < t < 6, 6.5 < t < 7, . . .). For
the vanishing U case we have rather a small polariza-
tion ratio corresponding to almost pure charge or spin
current. On the contrary, for U 6= 0, we observe rather
almost fully polarized currents.

Fig. 2. The time dependence of the polarization ratio
of the total current flowing in the QD system in response
to the step-like pulsed bias voltage of the period T = 1
supplied at t = 5. The upper (lower) part corresponds
to the vanishing U , U = 0 (U = 15). The thick line
describes the case of the single step-like bias voltage
pulse. The other parameters as in Fig. 1.

4. Conclusion

In conclusion, we have performed calculations of the
transient tunneling current and QD occupancies in re-
sponse to the step-like bias modulation. The influence
of the Coulomb interaction between the electrons of the
opposite spins localized in QD on the total current, spin
current and spin polarization of the total current was
analyzed. We showed that the coherent quantum beats
in both the total and spin currents found in the case
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of vanishing Coulomb interaction are suppressed for the
U 6= 0 case. We have also shown that applying the pulsed
bias voltage one can obtain the positive, as well as the
negative polarization ratios. For the non-zero Coulomb
interaction almost fully polarized current occurs in some
time windows as opposed to the almost pure charge or
spin current for U = 0.
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