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We investigate the real-time dynamical properties of Rabi-type oscillation through strongly correlated quantum-dot
systems by means of accurate hierarchical equations of motion. It is an extension of the hierarchical Liouville-space
approach for addressing strongly correlated quantum-dot systems. We study two paradigmatic models, the single quantum-
dot system, and serial coupling double quantum-dot system. We calculate accurately the time-dependent occupancy of
quantum-dot systems subject to a sudden change of gate voltage. The Rabi-type oscillation of the occupancy and distinct
relaxation time of the quantum-dot systems with different factors are described. This is helpful to understand dissipation
and decoherence in real-time dynamics through nanodevices and provides a theoretical frame to experimental investigation
and manipulation of molecular electronic devices.
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1. Introduction

Quantum dots are small regions defined in a semicon-
ductor material with a size of order 100 nm.[1] The wide
range of novel physical phenomena of quantum dots lead
to a very active and fruitful research topic, such as artifi-
cial atoms, coherent time-dependent effect of single-molecule
magnets,[2,3] Kondo effect and non-Fermi-liquid behavior,[4]

and bulk Kondo insulators.[5] Strongly correlated quantum-
dot systems are of great interests because of their fundamental
physics as well as potential applications.[6] And strongly cor-
related electron materials exhibit fascinating collective behav-
ior which has long challenged our understanding.[7] The no-
table phenomena of the strongly correlated quantum-dot sys-
tems are helpful, such as quantum criticality in heavy fermion
systems,[8] Mott metal–insulator transition in transition metal
oxides,[9] and high-temperature superconductivity in copper
oxides.[10] While the prominent one is the dynamical prop-
erties of the strongly correlated quantum-dot systems, both
of excited states near the Fermi energy and at highly excited
energies.[7]

The practical importance of real-time dynamics in
quantum-dot systems for quantum computing was emphasized
by Elzerman et al.,[11] the temporal response to gate–voltage
pulses for a single-shot is used to detect the spin configuration
of a quantum dot in an external magnetic field.[11,12] Quan-
tum dynamics is discussed in terms of quantum information
theory, which indeed facilitates discussions between physi-
cists, chemists, mathematicians, and quantum engineers.[13]

The real-time dynamical property in quantum-dot systems is
primely important for understanding the quantum transport
through the nanodevices and successfully be used to track in-
dividual glycine receptors in the neuronal membrane of living
cells in biology.[14]

Recent theoretical and experimental efforts aimed at ob-
serving and modeling nonequilibrium dynamical physics. The
Keldysh technique[15] is succeeding in nonequilibrium dy-
namics. This approach to calculate the current bowing into
and out of the interacting region treats the contacts as the
systems separately in equilibrium in the distant past, pos-
sibly with different chemical potentials.[15–17] Jeremy Tay-
lor et al. provided the first principle density functional the-
ory for modeling quantum-dot dynamical properties.[18] Ping
Zhang studied the dynamics of double quantum dots with
the help of the Floquet formalism. The dynamical localiza-
tion can be built up near the multi-photon resonances due to
the structure exchange of the Floquet states at the avoided
crossing.[19] However, the above mentioned methods are not
capable enough to treat the strongly correlated effect accu-
rately. The time-dependent density-matrix renormalization-
group method (TD-DMRG) works well for one-dimensional
quantum systems in finite size and short time, but is unsuit-
able for tackling long time scales own to the accumulated er-
ror proportional to the time elapsed.[20–23] Wilson’s numerical
renormalization-group method is a prominent numerical tool
for describing the equilibrium Kondo regime.[24,25] Further-
more, Anders and Schiller developed a time-dependent numer-
ical renormalization-group approach (TD-NRG) to investigate
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the nonequilibrium dynamics of quantum-dot systems.[12] But
there is also a deviation in occupancy from the new equi-
librium state at the large time due to the difference between
the time-evolved density matrix in a finite-size system and
the equilibrium density matrix.[12] Overall, when considering
both the electron–electron interaction of quantum-dot and the
finite bandwidth of leads for practical cases, the accurate de-
scription of the long-time dynamical behaviors of quantum-dot
systems is still an open question.

In this work, we study the real-time dynamics of
quantum-dot systems by means of the hierarchical equa-
tions of motion approach (HEOM).[26–30] We consider respec-
tively single quantum-dot system and serial coupling double
quantum-dot system. The transient behavior of real-time dy-
namics and time-dependent occupancy response of a sudden
change of gate voltage are presented. These results are closely
relevant for experiments involving potentially important tech-
nological applications of quantum dots and quantum wires.[20]

The paper is organized as follows. In Section 2 we
briefly review the HEOM approach, give the common for-
malism for real-time dynamics in quantum-dot systems, and
present the relevant results for electron occupancy. Then we
exhibit the time-dependent occupancy for the resonant-level
model driven by a gate voltage, the results are consistent with
by the exact analytical solution (EAS) of Keldysh formalism
in Ref. [12]. In Section 3 with taking into account the strongly
correlated electron–electron interaction (U), firstly, we inves-
tigate the time-dependent occupancy in single quantum-dot
systems with different factors, then the time-dependent occu-
pancy in serial coupling double quantum-dot system. Distinct
time evolution phenomena which can be realized experimen-
tally are presented. In Section 4 we will give a summary of
our work.

2. General formalism of HEOM in quantum-dot
system
The hierarchical equations of motion approach (HEOM)

is potentially useful for addressing quantum-dot systems es-
pecially for the interacting strong correlation systems. The
outstanding characterizing both equilibrium and nonequilib-
rium properties achieved in our previous work are referred
to Refs. [26,31–33]. The HEOM approach has been em-
ployed to study dynamical properties, for instance, the dy-
namical Coulomb blockade and dynamical Kondo memory
phenomena in quantum dots.[29,30] It is essential to adopt an
appropriate truncated level to close the coupled equations.
The numerical results are considered to be quantitatively ac-
curate with increasing the truncated level and converge. In
Ref. [31], it has been demonstrated that the HEOM approach
achieves the same level of accuracy as the latest NRG method

for the prediction of various dynamical properties at equilib-
rium and nonequilibrium.[34] Here, we solve the real-time dy-
namics problem and focus on the nonequilibrium dynamics of
quantum-dot systems based on the HEOM. The local quan-
tum dot constitutes the open system of primary interest, and
the surrounding reservoirs of itinerant electrons are treated as
environment. The total Hamiltonian for the quantum-dot sys-
tems

HT = HS +HB +HSB, (1)

where HS and HB are the quantum dots and device leads parts.
The device leads are treated as noninteracting electron reser-
voirs. In the bath interaction picture, the Hamiltonian is

HSB = ∑
αiσ

[ f †
ασ (t)d̂iσ + d̂†

iσ fασ (t)]. (2)

Here, f †
ασ = e iHBt [∑k tαkσ â†

αkσ
]e−iHBt is the stochastic inter-

actional operator and satisfies the Gauss statistics. d̂†
iσ and

d̂iσ denote the creation and annihilation operators for quan-
tum dot state |iσ⟩ (including spin, space, etc.), while â†

αkσ
and

âαkσ are those for the α-reservoir state |kσ⟩ of energy εαkσ .
The influence of electron reservoirs on the quantum dots is
taken into account through the hybridization functions, and the
hybridization functions assume a Lorentzian form, ∆α(ω) ≡
π ∑kσ tαkσ t*

αkσ
δ (ω −εαkσ ) = ∆W 2/[(ω −µα)

2 +W 2], where
∆ is the effective quantum dot-lead coupling strength, W is the
bandwidth and µα is the chemical potential of the α lead.[31,34]

The HEOM that governs the dynamics of an open system
assumes the form of[26,31]

ρ̇
(n)
j1··· jn = −

(
iℒ+

n

∑
r=1

γ jr

)
ρ
(n)
j1··· jn − i ∑

j
𝒜 j̄ ρ

(n+1)
j1··· jn j

− i
n

∑
r=1

(−)n−r 𝒞 jr ρ
(n−1)
j1··· jr−1 jr+1··· jn . (3)

The reduced system density operator ρ(0)(t) ≡ trres ρtotal(t)
and auxiliary density operators ρ(n>0)(t) are the basic vari-
ables. {ρ

(n)
j1··· jn(t);n = 0, . . . ,L}, with L denoting the terminal

or truncated tier level. Here, the truncation level of hierarchy
adopts L = 4 to ensure numerical results presented in this pa-
per converged quantitatively. The Liouvillian of quantum dots,
ℒ· ≡ h̄−1[HS, · ], may contain both electron–electron interac-
tion and time-dependent external fields. 𝒜 j̄ and 𝒞 j are super-
operators. The index j ≡ (iσmz) corresponds to the transfer
of an electron to/from (z = +/−) the quantum-dot state iσ ,
associated with the characteristic memory time γ−1

m , where m
is the index in the correlation memory factorization.

We prepare the initial total system at equilibrium, where
µα = µeq = 0. When the quantum dots contain time-
dependent energy level Eµ(t), the system is out of equilibrium,
and the resulting time evolution of the quantum dot occupancy
is

nµ(t) = ∑
iσ

niσ (t) = trs[d̂
†
iσ d̂iσ ρ(t)]. (4)
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Now, to test our method, we consider a resonant-level
model (RLM), describing the hybridization of a localized level
with a band of spinless conduction electrons calculated in
Ref. [12] by TD-NRG approach and EAS in the wide band
limit. The total Hamiltonian of the system

H = ∑
αk

εαkσ â†
αkσ

âαkσ +Eµ(t)d̂†d̂ +∑
ασ

[ f †
ασ (t)d̂ +H.c.]. (5)

The energy of the level is deemed a stepwise change as

Eµ(t) = θ(−t)E0
µ +θ(t)E1

µ . (6)

We calculate the occupancy nµ(t) = ⟨d̂†d̂⟩(t) of the RLM.
It can be solved exactly in closed analytical form using the
Keldysh formalism in the wide band limit.[12]

Figure 1 depicts the calculated time-dependent occupancy
nµ(t) at different temperatures by the HEOM approach in re-
sponse to a sudden change in the energy of the level from
E0

µ = 0 to E1
µ = −∆ , and the converged tier level (L = 4) is

adopted. To compare the results of the EAS and TD-NRG ap-
proach described in Fig. 2(b) in Ref. [12], we adopt the same
parameters. Furthermore, we calculate the time-dependent oc-
cupancy nµ(t) at seven different temperatures T/∆ = 0.015,
T/∆ = 0.03, T/∆ = 0.1, T/∆ = 0.5, T/∆ = 1, T/∆ = 2,
and T/∆ = 5. In comparison with the results in Ref. [12], we
find that at short-time scale, all three methods (HEOM, EAS,
and TD-NRG) give the perfect solution of the time-dependent
occupancy. In particular, nµ(t → 0+) coincides with the ini-
tial equilibrium state occupancy of RLM. The value of occu-
pancy is nµ(0) = 0.5 for all the temperatures at the time of
t = 0. While, at the large-time scale, there is a deviation from
the new equilibrium occupancy between the EAS and the TD-
NRG approach. Anders et al. presented an explanation for
the occupancy deviation. The long-time deviations in nµ(t)
using TD-NRG approach stem from a difference between the
time-evolved density matrix in the finite logarithmic discrete
state and the equilibrium density matrix ρ̂ when approached
Λ → 1+.[12]

.  
.

.

.

.

.

.

    

.

.

.

n
µ
↼t

↽

n
µ
↼t

↽

t*∆

t*∆

 T/∆/.
 T/∆/.
 T/∆/.
 T/∆/.
 T/∆/
 T/∆/
 T/∆/

Fig. 1. Time-dependent occupancy nµ (t) of the RLM versus time t
calculated by the HEOM approach at different temperatures T/∆ =
0.015,0.03,0.1,0.5,1,2,5 for the log10 abscissas. The inset is the time-
dependent occupancy nµ (t) for the linear abscissas. The parameters
adopted are E0

µ = 0, E1
µ =−∆ , and W = 20∆ .

Not only the short-time dynamics but also the long-time
behavior is well described by our HEOM approach. The oc-
cupancy nµ(t) of the new equilibrium state at the tempera-
ture T/∆ = 0.1, T/∆ = 0.5, T/∆ = 1, and T/∆ = 5 are
0.75, 0.71, 0.65, and 0.55, those are the same values calcu-
lated by EAS. But the TD-NRG approach cannot get the same
results. The occupancy deviation is developed at large-time
scale. Those are greatly reduced by averaging over the differ-
ent z’s in TD-NRG approach.[12] Obviously, part of our calcu-
lations also cover the same parameters of Fig. 2(b) in Ref. [12].
The HEOM accurately reproduces the exact results by EAS at
all the time scales at different temperatures. Our result ex-
hibits the same dynamical behavior in short-time scale with
EAS, and avoids the deviation in long-time scale appearing
in TD-NRG. For more comparisons between those methods,
please see our previous work in Ref. [35]. Moreover, HEOM
is an accurate and universal approach and is capable of ad-
dressing a variety of equilibrium and nonequilibrium, static
and dynamical properties of strongly correlated quantum-dot
systems. The method is essentially nonperturbative. In practi-
cal implements, an appropriate truncated level is taken to meet
the limited computation resource. However, the high preci-
sion can be achieved by the convergence with increasing the
truncation level.[35–37]

3. Occupancy of strongly correlated quantum-
dot systems
In this section we present two applications of the for-

malism developed above. Firstly, we investigate the time-
dependent occupancy with several factors in the strongly cor-
related single quantum-dot system by using HEOM approach,
such as temperature and bandwidth of the leads. As the
electron–electron interaction (U) is taken into account in the
Hamiltonian of the device, the physical properties of real-
time dynamics approach to the actual case. It is helpful
to understand the Kondo effect, Mott metal–insulator, high-
temperature superconductivity, and so on. To better under-
stand and explore the real-time dynamical properties of the
many-body systems, we also focus on the serial coupling dou-
ble quantum-dot system case. The physical properties of dy-
namics under different temperatures and tunneling couplings
between the two dots are presented.

3.1. Single quantum-dot system

We first consider the single quantum-dot systems mod-
eled by the Hamiltonian

HS = Hsingle = ∑
σ

Eµ(t)d̂†
σ d̂σ +Un̂↑n̂↓. (7)

Here, d̂†
σ and d̂σ denote the creation and annihilation opera-

tors for spin-up and spin-down electrons on the dot, U is the

127302-3



Chin. Phys. B 32, 127302 (2023)

electron–electron interaction, and n̂σ=↑,↓ = d̂†
σ d̂σ is the num-

ber operator. To investigate the relaxation in the spin, we con-
sider the following stepwise change in the energy of the level
Eµ(t) = θ(−t)E0

µ +θ(t)E1
µ . We begin with a degenerate spin

state E0
µ = ∆/2. At the time t = 0, the energy of the level is

shifted to E1
µ =−U/2−∆/2. The resulting time evolution of

the quantum-dot occupancy is nµ(t) = ⟨n̂↑+ n̂↓⟩(t).[12]

Figure 2 depicts the occupancy nµ(t) of the single
quantum-dot system for the different values of electron–
electron interaction U . With the electron–electron interaction
U increases, the quantum-dot system changes into a strongly
correlated regime. The initial occupancy of the system at the
time t = 0 decreases with the electron–electron interaction U .
The time scales for the relaxation of system are clearly vis-
ible. The nµ(t) equilibrates on a time scale tch ∝ 1/∆ , and
the Rabi-type oscillations are developed for |E1

µ | > ∆ . The
Rabi-type oscillations are enhanced by the electron–electron
interaction U , and the time when the occupancy oscillates be-
comes earlier with the system correlating strongly. For t ≫ tch,
the quantum-dot system will get a new steady state, and the oc-
cupancy must saturate at its new equilibrium value nµ(t) = 1
(Fig. 2(a)).[12] To emphasize the real-time dynamical behav-
ior of the quantum-dot system, we slice the nµ(t) curve for
U = 18∆ in Fig. 2(b). We find that the occupancy nµ(t) of
the quantum-dot system firstly shows a distinct oscillating be-
havior and finally reaches a new equilibrium steady state value
scaling with the time.

n
µ
↼t

↽
n
µ
↼t

↽

t*∆
.  

.
.
.
.
.
.
.
.
.

.

.

.

.

.

(b)

 U/∆
 U/∆
 U/∆
 U/∆
 U/∆
 U/∆
 U/∆

 U/∆

(a)

Fig. 2. Time-dependent occupancy of the single quantum-dot system
versus time t at different values of U/∆ = 2, 4, 6, 8, 10, 12, 18.
The parameters adopted are T = 0.015∆ , W = 20∆ , E0

µ = ∆/2, and
E1

µ =−U/2−∆/2.

To compare with the RLM, we calculate the time-
dependent occupancy nµ(t) of the single quantum-dot system
for different temperatures. Figure 3 plots the dynamical be-
havior of the occupancy under the same electron–electron in-
teraction U = 18∆ and bandwidth W = 20∆ . Unlike the RLM,
the occupancy of the strongly correlated single quantum-dot
system oscillates at the low temperature (see the lines of T =

0.015∆ , T = 0.03∆ , T = 0.1∆ , T = 0.5∆ in Fig. 3). Because
the strongly correlated system changes into the Kondo regime

at low temperatures, the Kondo memory effects are expected
to be more prominent. So the occupancy nµ(t) at the initial
equilibrium state shows a nonmonotonic transition behavior.
The occupancy nµ(t) firstly decreases and then increases with
increasing temperature. At high temperatures T = 1∆ and
T = 2∆ , the oscillation vanishes and the occupancy increases
linearly with the time t before the system gets the new equilib-
rium state. In RLM, the oscillation behavior is absent and the
occupancy increases linearly with the time t for all the tem-
peratures. The values of the occupancy in new equilibrium
state decrease monotonously with the temperature increasing
(Fig. 1). While in the strongly correlated single quantum-dot
system, the values of the occupancy in new equilibrium state
saturate almost at nµ = 1.

n
µ
↼t

↽

t*∆

0.1 1 10

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 T/.∆
 T/.∆
 T/.∆
 T/.∆
 T/∆
 T/∆

Fig. 3. Time-dependent occupancy of the single quantum-dot system
versus time t at different values of T/∆ = 0.015, 0.03, 0.1, 0.5, 1,2.
The parameters adopted are W = 20∆ , E0

µ = ∆/2, E1
µ =−U/2−∆/2,

and U = 18∆ .

The real-time dynamical properties of the quantum-dot
system are presented by EAS approach, only applicable in the
case of U = 0, with the calculation of the wideband limit ap-
proximation. Here we can study the dynamical properties of
the quantum-dot system in a finite bandwidth. In Fig. 4, we
show the evolution of the time-dependent occupancy nµ(t)–t
curves at several bandwidths W in Kondo regime. We find that
the narrow bandwidth enhances the Rabi-type oscillation of
the occupancy. At large bandwidth, the occupancy nµ(t) os-
cillates several times and gets a new equilibrium state quickly
after the time scales for the relaxation tch ∝ 1/∆ . At the nar-
rower bandwidth, the occupancy nµ(t) displays very sharp os-
cillations and owns a larger oscillation frequency. This be-
havior mainly results from the bandwidth enhancement of the
capacitive contributions from the accumulation and depletion
of electrons layering on either side of the quantum-dot sys-
tem leads.[35] The narrow bandwidth does not have sufficient
time to follow the stepwise change in the energy of the level.
The temporal coherence of electrons tunneling through the
quantum-dot system leads to the oscillations more obviously
with decreasing the bandwidth. Moreover, the initial equilib-
rium state occupancy of the single quantum-dot system also
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increases with the bandwidth. Those outstanding behaviors of
real-time dynamics in narrow bandwidth cannot be acquired
by TD-NRG with wideband limit approximation.

Summarizing Figs. 2–4, one can conclude that the Rabi-
type oscillation of the occupancy is strongly dependent on
the electron–electron interaction U , temperature T , and band-
width W . The Rabi-type oscillation can be enhanced by strong
electron–electron interaction U , low temperature T , and nar-
row bandwidth W .

n
µ
↼t
↽

t*∆

0.1 1 10
0.4

0.5

0.6

0.7

0.8

0.9

1.0

 W=20∆

 W=12∆

 W=4∆

 W=2∆

Fig. 4. Time-dependent occupancy of the single quantum-dot system
versus time t at different bandwidths W/∆ = 20, 12, 4, 2. The pa-
rameters adopted are T = 0.015∆ , E0

µ = ∆/2, E1
µ =−U/2−∆/2, and

U = 18∆ .

3.2. Double quantum-dot system

Double quantum-dot systems can be considered to some
extent as artificial molecules, it is useful for the study of many
novel phenomena involving the strong Coulomb interaction,
antiferromagnetic spin coupling, and time-dependent coher-
ence for realizing solid state quantum bits.[19,38–40] The coher-
ent dynamics of a single charge qubit in a double quantum-
dot system is discussed with full one-qubit manipulation.[13]

Several experiments on photon-assisted tunneling through the
double quantum-dot system have been carried out.[19] Here,
we focus on the real-time dynamical properties through the
serial coupling double quantum-dot system. The Hamiltonian
for the system

HS = Hdouble

= ∑
σ ,i=1,2

[Eµ(t)d̂
†
iσ d̂iσ +Uiniσ niσ̄ ]+U12n1n2. (8)

Here, d̂†
iσ and d̂iσ denote the creation and annihilation opera-

tors for the i-th dot, Ui is the electron–electron interaction of
the i-th dot, and U12 is the electron–electron interaction be-
tween the two quantum dots. In our work, we adopt the same
parameters for the two quantum dots.

Here, we firstly focus on the different temperatures T for
non-interaction and then finite interactions between the two
dots, respectively. Figure 5 depicts the time-dependent occu-
pancy of the serial coupling double quantum-dot system ver-
sus time t at different values of T/∆ = 0.015,0.1,0.5,1 for

the electron–electron interaction between the two dots U12 = 0
(a) and U12 = 4∆ (b). We find that the Rabi-type oscillation
of the occupancy is distinct for U12 = 0 at low temperatures.
This oscillating behavior is suppressed by increasing temper-
atures. This Rabi-type oscillation vanishes and the occupancy
grows monotonically and linearly with time at high tempera-
tures. The above transition behaviors are equal to the single
quantum-dot system case. Moreover, the occupancy of the se-
rial coupling double quantum-dot system in new equilibrium
state reaches nµ = 2 as the double value of the single quantum-
dot system (Fig. 5(a)). However, the oscillating behavior of the
occupancy vanishes at U12 = 4∆ . The occupancy increases
monotonically with time for all the temperatures (Fig. 5(b)).
Here, the coherence bonding state forming between the two
quantum dots dominates the dynamical transport behavior of
the serial coupling double quantum-dot system. It causes the
oscillation of the occupancy disappearing at U12 = 4∆ .

n
µ
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↽
n
µ
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↽

t*∆
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(a) U12=0

 T/.∆
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 T/.∆
 T/.∆
 T/.∆
 T/∆

(b) U12=4∆

Fig. 5. Time-dependent occupancy of the serial coupling double
quantum-dot system versus time t at different values of T/∆ =
0.015,0.1,0.5,1 for the electron–electron interaction between the two
dots U12 = 0 (a) and U12 = 4∆ (b). The parameters adopted are
W = 18∆ , E0

µ = ∆/2, E1
µ =−U/2−∆/2, and U1 =U2 =−2Eµ .

To further understand how the electron–electron interac-
tion between the two dots U12 affects the real-time dynami-
cal properties of the serial coupling double quantum-dot sys-
tem, we then calculate the time-dependent occupancy nµ(t)
of the serial coupling double quantum-dot system with dif-
ferent U12. Figure 6 presents the numerical result of occu-
pancy nµ(t) for the serial coupling double quantum-dot sys-
tem. We find that the Rabi-type oscillations of the occupancy
nµ(t) are strongly dependent on the electron–electron interac-
tion between the two dots U12. The oscillating behavior of
the serial coupling double quantum-dot system is suppressed
by the electron–electron interaction between the two dots U12.
At U12 = 0, the occupancy owns a distinct oscillating behav-
ior associated with a larger amplitude. This behavior becomes
faintish with increasing the electron–electron interaction be-
tween the two dots U12. The U12-dependent oscillating be-
havior of the serial coupling double quantum-dot system can
be understood as follows. When a stepwise changes the en-
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ergy level, it accompanies the change of the electron num-
bers. However, with increasing the electron–electron inter-
action U12, the variation of the electron number at either of
the dots is suppressed. So the Rabi-type oscillation of the se-
rial coupling double quantum-dot system becomes attenuated
with increasing U12. Moreover, the frequency of Rabi-type
oscillations decreases sharply from U12 = 0 to U12 = 2∆ . At
U12 = 2∆ , the occupancy nµ(t) only owns a wriggle behavior
as time t increases.

n
µ
↼t
↽

t*∆

U12=0

U12=0.5∆

U12=1∆

U12=2∆

0.1 1 10

0.5

1.0

1.5

2.0

Fig. 6. Time-dependent occupancy nµ (t)–t curves of the serial cou-
pling double quantum-dot system with different electron–electron in-
teractions between the two dots U12. The parameters adopted are
T = 0.015∆ , E0

µ = ∆/2, E1
µ = −U/2−∆/2, U1 = U2 = −2Eµ , and

W = 2∆ .
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(a) U12=0
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Fig. 7. Time-dependent occupancy nµ (t)–t curves of the serial cou-
pling double quantum-dot system with different bandwidths W for the
electron–electron interaction between the two dots U12 = 0 (a) and
U12 = 4∆ (b). The parameters adopted are T = 0.015∆ , E0

µ = ∆/2,
E1

µ =−U/2−∆/2, and U1 =U2 =−2Eµ .

Finally, we explore the oscillating behavior of occupancy
of the serial coupling double quantum-dot system with differ-
ent bandwidths of the leads W at two values of the electron–
electron interaction between the two dots U12. Figure 7 shows
the time-dependent occupancy nµ(t) of the serial coupling
double quantum-dot system with different bandwidths W for
the electron–electron interaction between the two dots U12 = 0
(a) and U12 = 4∆ (b), respectively. We find that the dis-
tinct oscillating behavior of occupancy at narrower bandwidth
becomes attenuated with increasing the bandwidth for both
U12 = 0 and U12 = 4∆ . For the electron–electron interaction

between the two dots U12 = 0, the frequency of Rabi-type os-
cillations decreases regularly. However, the oscillation shows
an irregular transition behavior for U12 = 4∆ . Here, both the
bandwidth W and the electron–electron interaction between
the two dots U12 manipulate the oscillating behavior of the
serial coupling double quantum-dot system. It leads that the
frequency of Rabi-type oscillations decreases sharply with in-
creasing the bandwidth.

4. Summary
In summary, we calculated accurately the time-dependent

occupancy of the strongly correlated single quantum-dot sys-
tem and serial coupling double quantum-dot system subject
to a sudden change of gate voltage. The Rabi-type oscil-
lation of the strongly correlated single quantum-dot system
can be enhanced by strong electron–electron interaction, low
temperature, and narrow bandwidth. Moreover, the time-
dependent occupancy of the serial coupling double quantum-
dot system shows an irregular transition behavior, when both
the bandwidth and the electron–electron interaction between
the two dots manipulate the oscillating behavior. The os-
cillating behavior of the serial coupling double quantum-dot
system is suppressed by the electron–electron interaction be-
tween the two dots. Those characteristics of strongly corre-
lated quantum-dot systems may be observed in experiments.
And we believe our results are helpful for investigating the
real-time dynamical properties of driven quantum many-body
systems and will lead to significant new insights in the future.
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