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We investigate the time-modulated electronic and spin transport properties through two T-shaped three-quantum-dot
molecules embedded in an Aharonov–Bohm (A–B) interferometer. By using the Keldysh non-equilibrium Green’s function
technique, the photon-assisted spin-dependent average current is analyzed. The T-shaped three-quantum-dot molecule
A–B interferometer exhibits excellent controllability in the average current resonance spectra by adjusting the interdot
coupling strength, Rashba spin–orbit coupling strength, magnetic flux, and amplitude of the time-dependent external field.
Efficient spin filtering and multiple electron-photon pump functions are exploited in the multi-quantum-dot molecule A–B
interferometer by a time-modulated external field.
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1. Introduction

Spintronics of the quantum dot system has aroused a great

deal of interest for its application in spin functional device and

quantum computing.[1–7] Quantum computing schemes based

on spin in quantum dots have been proposed.[4,5] Many of the

elements necessary for quantum computation have been real-

ized experimentally.[6] It is expected that the quantum dot de-

vice will be used as an integrated quantum chip in the future.[7]

Multiple quantum dots can be coupled to form an ar-

tificial molecule for versatile important transport phenom-

ena including the quantum interference,[8–12] the quantum

Hall effect,[13,14] the Kondo effect,[15–17] the thermoelec-

tric effect,[18,19] and the Fano effect.[20–23] Particularly, the

photon-assisted tunneling effect in the quantum dot system

has been surprisingly observed.[24,25] Photon-assisted tunnel-

ing enables the electron to reach a previously inaccessible en-

ergy state by absorbing or emitting photons from a microwave

signal.[26] Coherent molecular states in the coupled quantum

dots can be probed through photon-assisted tunneling.[27] The

photon-assisted sidebands originating from the ground state

and the excited state can be obtained using the nonequilibrium

Green’s function approach,[28] which gives good agreement
with the experiment.[29] Ground state resonance and photon-
induced excited state resonance have been found to arise from
terahertz photon-assisted tunneling in a single self-assembled
InAs quantum dot.[30] The photon-assisted tunneling effect of-
fers a useful way to study the coherent properties of a charge
qubit formed in an undoped GaAs/AlGaAs heterostructure.[31]

The photon-assisted shot noise induced by the time-dependent
fields has been investigated to reveal some significant results
for spintronics.[32–34] The electron pump has been proposed in
a double quantum dot system by using an asymmetric time-
dependent external field.[35,36]

Various mesoscopic single/double-quantum dot devices
have been presented for quantum molecular effect and
quantum information application, aiming at exploiting the
nanospintronic functionality. In recent years, a great deal
of attention has been paid to the three-quantum-dot struc-
ture, which can achieve all the physical features of single-
and double-quantum-dot systems. In addition, some novel
transport characteristics that do not present in the single- or
double-quantum dot can be obtained. They also provide the
possibility to manipulate each of the quantum dots separately
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and enlarges the dimension of parameter space for transport
properties. Three-quantum-dot structures are capable of de-
ducing to multiply-quantum-dot systems. In this paper, we
construct a T-shaped three-quantum-dot molecule A–B inter-
ferometer. The time-modulated quantum transport proper-
ties are focused on the action of a time-dependent external
field. Utilizing the Keldysh non-equilibrium Green’s function
method,[37,38] we conduct an analytical and numerical study
of the photon-assisted electronic and spin transport character-
istics. The extended structure of the T-shaped three-quantum-
dot molecule A–B interferometer exhibits excellent control-
lability in the average current by adjusting the interdot cou-
pling strength, Rashba spin–orbit coupling strength, magnetic
flux, and amplitude of the time-dependent AC field. Efficient
spin filtering and multiple electron-photon pump functions are
exploited in a multi-quantum-dot A–B interferometer by the
time-modulated external field.

2. Model and method
Two T-shaped three-quantum-dot molecules are embed-

ded in the two arms of the A–B interferometer, respectively.
As shown in Fig. 1, quantum dots 1 and 2 are directly cou-
pled with the leads. The single spin-degeneracy energy level
in each dot is relevant. For insight into the essential features
of the time-modulated quantum transport properties, the inter-
dot and intradot electron–electron interactions are negligible
in the composite system of the multi-quantum-dot molecule
A–B interferometer. The DC bias voltage VDC is applied
to the two terminals of the A–B interferometer with time-
dependent fields WL (t) = WL cos(ωt), WR (t) = WR cos(ωt),
and WD (t) = WD cos(ωt). The subscripts L, R, and D repre-
sent the left lead, the right lead, and the quantum dot, respec-
tively; WL(R,D) and ω are the amplitude and frequency of the
time-dependent field, respectively.
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Fig. 1. Schematic of a T-shaped three-quantum-dot molecule A–B in-
terferometer.

The Hamiltonian of the whole system can be written as

H = ∑
β=L,R

Hβ +HD +HT. (1)

The term Hβ describes the leads under the non-interacting

quasiparticle approximation

Hβ = ∑
k,σ

εkβ
(t)c+kβ σ

ckβ σ , (2)

where the electron energy εkβ
(t) = ε0

kβ
+eV −eWβ (t) = ε0

kβ
+

eV − eWβ cos(ωt). The electron energy includes the photon-

assisted contribution of the time-dependent field interacting

with the electrons. β (=L,R) represent the left and right leads;

c+kβ σ
(ckβ σ ) is the creation (annihilation) operator for electrons

in lead β with spin index σ ; and k represents the wave vector.

In Eq. (1), HD describes the two three-quantum-dot

molecules

HD = ∑
σ , j=1,2,3,4,5,6

ε jσ (t)d+
jσ d jσ − (t1d+

1σ
d3σ + t2d+

3σ
d5σ

+ t1d+
2σ

d4σ + t2d+
4σ

d6σ +H.C.), (3)

where d+
jσ (d jσ ) is the creation (annihilation) operator with

quantum dot energy ε jd(t) = ε0
j − eWD cos(ωt), ε0

j is the sin-

gle particle energy in the j-th quantum dot, and t1(2) is the

tunneling coupling strength between the quantum dots in the

T-shaped three-quantum-dot molecule.

The last term HT on the right-hand side of Eq. (1) de-

scribes the dot-lead tunneling

HT = ∑
kσ

∑
β=L,R

(t1σβ c+kβσ
d1σ + t2σβ c+kβσ

d2σ +H.C.), (4)

where t1σβ (t2σβ ) indicates the k-independent coupling be-

tween the lead βand quantum dot 1 (2). By taking into account

the Rashba spin–orbit coupling and the magnetic flux,[39,40]

the tunnel matrix elements t1σβ and t2σβ are written as t1σL =

|t1L| e i(ψ/4−σϕR1/2), t2σL = |t2L| e−i(ψ/4+σϕR2/2), t1σR =

|t1R| e−(iψ/4−σϕR1/2), and t2σR = |t2R| e i(ψ/4+σϕR2/2), where

φR1(R2) denotes the spin–orbit-coupling-induced Rashba phase

factor in the quantum dot 1 (2), and ψ is the magnetic flux-

induced phase factor.

In the wide-band limit, the relationship between the re-

tarded self-energy and the linewidth function is given by[4]

Σ
r
βσ

(t, t ′) =− i
2

δ (t− t ′)Γ β

σ , (5)

where Γ
β

ll′σ (ε, t, t
′) = 2πρβ tlσβ t∗l′σβ

e i
∫ t
t′Wβ (τ)dτ , and ρβ is the

spin density of states in the β leads. The matrix Γ
β

σ can be

written as
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Γ
L(R)

σ =



Γ
L(R)

1

√
Γ

L(R)
1 Γ

L(R)
2 e±i(ψ−σ∆ϕR)/2 0 0 0 0√

Γ
L(R)

1 Γ
L(R)

2 e∓i(ψ−σ∆ϕR)/2 Γ
L(R)

2 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0


, (6)

in which Γ
β

l is short for Γ
β

ll , and the phase factor ∆φR =

φR1−φR2.
The time-dependent transient current I(t) is determined

by[35,36]

Iβσ (t) = −2e
h̄

Im
∫ t

−∞

dt ′
∫ dε

2π
Tr
{

e−iε(t ′−t)
Γ

β

σ (ε, t, t ′)

×
[
G<

σ (t, t
′)+ fβ (ε)G

r
σ (t, t

′)
]}

, (7)

where fβ (ε) =
{

1+ exp
[(

ε−µβ

)
/kBT

]}−1 is the Fermi dis-
tribution function, µL = −µR = V/2, and V is a DC bias be-
tween the left and right leads. The retarded Green’s function
Gr is obtained by the Dyson equation

Gr
σ (t, t

′) =
∫ dε

2π
exp
[
− iε(t− t ′)

− i
∫ t

t ′
dτWD cos(ωτ)

]
Gr

σ (ε), (8)

Gr
σ (ε) =

{
[gr

σ (ε)]−1−Σ
r
σ (ε)

}−1
, (9)

where gr
σ (ε) is the Fourier transform of gr

j j (t, t
′) =

−iθ (t− t ′)exp
[
−i
∫ t

t ′ ε j (t1) dt1
]
. The lesser Green’s function

is G< = Gr
∑
< Ga, where Ga = (Gr)+. The Green’s func-

tion Gr can be calculated by the equations of motion for each
Green’s function

Gr (ε) =


ε− ε1− i

2

(
Γ L

11 +Γ R
11
) i

2

(
Γ L

12 +Γ R
12
)

t1 0 0 0
i
2

(
Γ L

21 +Γ R
21
)

ε− ε2− i
2

(
Γ L

22 +Γ R
22
)

0 t1 0 0
t1 0 ε− ε3 0 t2 0
0 t1 0 ε− ε4 0 t2
0 0 t2 0 ε− ε5 0
0 0 0 t2 0 ε− ε6



−1

. (10)

Substituting formulas (8) and (9) into Eq. (7), the time-
dependent transient current is derived as

Iβσ (t) = − e
h̄

∫ dε

2π
TrIm

{
2 fβ (ε)Γ

β

σ Aβσ (ε, t)

+ iΓ β

σ ∑
α=L,R

fα (ε)Aασ (ε, t)Γ σ
σ A+

ασ (ε, t)
}
, (11)

where

Aβσ (ε, t) = exp

[
ie
(
Wβ −WD

)
sin(ωt)

ω

]

×∑
n

Jn

(
WD−Wβ

ω

)
e inωtGr

σ (εn). (12)

In Eq. (12), Jn is the first kind of Bessel function and εn =

ε−nω . Thereby, the instantaneous current Iβσ (t) can be cal-
culated by numerically resolving Eq. (11) . Consequently, the
time-averaged current of Iβσ (t) is evaluated by

〈I〉 = 2e
h̄

∫ dε

2π
∑
n

Tr
{[

J2
n

(
WD−WL

ω

)
fL (ε)

−J2
n

(
WD−WR

ω

)
fR (ε)

]
Γ

L
σ Gr

σ (εn)Γ
R

σ Ga
σ (εn)

}
. (13)

3. Numerical results and discussion

In this section, we present the time-modulated quantum

transport properties of the three-quantum-dot molecule A–B

interferometer. The characteristics of the photon-assisted spin-

dependent average current are numerically simulated. The DC

bias voltage is set to V = 0.05, the temperature is kBT = 0.001,

and the dot-lead coupling strength is Γ
β

1 = Γ
β

2 = 0.2Γ , taking

Γ as the unit of energy. The inter-dot coupling strength is

t1 = t2 = t, the quantum dot energy ε1(2,3,4,5,6) = εd, h̄ = 1, and

e = 1. On the basis of the physical model and formalism in

Section 2, we implement the rigorous numerical simulations

as shown in Figs. 2–8.

Figure 2 shows the average current spectra versus quan-

tum dot energy at various amplitudes of the time-dependent

external field in the absence of magnetic flux and Rashba

spin–orbit coupling. The interdot coupling strength is taken

as t =
√

2k/2. Correspondingly, the main peaks of the aver-

age current appear at εd = 0, ±k. The physical parameters are

typically taken as k = 2.0, ω = 1.0, ∆φR = 0, and ψ = 0.
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Fig. 2. Average current spectra versus quantum dot energy at various
amplitudes of the symmetrical time-dependent field. For clear indica-
tion of the spectra evolution, the range of the field amplitude WL(R) cov-
ers (a) 0 to 1.5 and (b) 2 to 3 in the subfigures. The typical parameters
are k = 2, ω = 1.0, ∆φR = 0, and ψ = 0.

In Fig. 2(a), the average current of the system without ap-
plying a time-dependent external field is shown by the thick
solid line. Only three average current peaks at εd = 0, ±k ap-
pear in such a six quantum dots structure. Two T-shaped triple-
quantum dot molecules are completely equivalent, which leads
to the degeneration of the energy levels.

Further introducing a time-dependent external field, we
calculate the time-averaged current of the triple-quantum dot
molecule A–B interferometer. The external field is applied
symmetrically to the leads, which is equivalent to applying the
external field directly to the quantum dots;[36] thus WD = 0
is valid. As shown in Figs. 2(a) and 2(b), the average cur-
rent spectra under the time-modulated external field show a
remarkable sideband effect. There are a series of resonance
peaks in the spectra. The gap between adjacent resonance
peaks corresponds to the photon energy of h̄ω . As the time-
dependent field intensity increases, the amplitudes of the three
main peaks become smaller. After the external field exceeds
a threshold, the peak amplitudes increase with the increasing
external field. In the mean time, the sideband peaks in the
average current spectra exhibit an anti-phase behavior in com-

parison with the three main resonance peaks. The sideband
peaks first go upwards and then downwards back with the in-
crease of the external field, as shown in Figs. 2(a) and 2(b).
This is because the height of the n-th peak is determined by
the Bessel function J2

n
(
Wβ/ω

)
, which derives from the action

of the time-dependent external field. In addition, one can find
that the summation of the heights of all peaks equals to that of
the original three main resonance peaks. This result can be ex-
plained by whether the tunneling electron can absorb or emit
one or several photons.

By tuning the symmetrical time-modulated external field,
figure 3 shows the dynamics of the average current resonant
peaks at εd = 0,±2 (the main quantum dot energies), εd =±1,
±3 (the single photon sideband energy levels), and εd = ±4
(the double photon sideband energy levels). The oscillation ef-
fect is revealed for both the main resonant peaks and the side-
band peaks. It is closely associated with the contribution of the
Bessel function to the transient current response of the triple-
quantum dot molecule A–B interferometer. Two fundamental
resonant spectra at the intrinsic quantum dot energies of εd = 2
and εd =−2 have the same oscillation mode (the thick dashed
line in Fig. 3). For the dominant resonant peak at zero quantum
dot energy, the oscillation mode of εd = 0 keeps stronger than
that of εd = ±2, regardless of the symmetric time-modulated
field strength. Moreover, the oscillation mode at εd = 0 is in
phase with that at εd = ±2. In contrast, as shown in Fig. 3,
the single photon sideband peaks at both εd =±1 and εd =±3
exhibit distinct oscillation modes with opposite phase from the
main peaks at εd = 0 and εd = ±2. The double photon side-
band peaks at εd = ±4 also oscillate out of phase with the
main oscillation mode of εd = 0, ±2. The results definitely
reflect the different phases of the electron wave functions at
different quantum dot energies. By modulating the symmetric
external field, the spectra switching of the average current can
be implemented by virtue of the electron wave functions at the
intrinsic quantum dot energies.
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Fig. 3. The oscillation dynamics of the average current resonant peaks
at the intrinsic quantum dot energies by tuning the symmetrical time-
dependent external field.
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Fig. 4. Average current spectra versus quantum dot energy under various interdot coupling strengths of k = 0.5, 1, 2, 3, 4, 5 with a symmetrical
time-dependent external field applied. The typical parameters are WL =WR = 1.0, ω = 1.0, ∆φR = 0, and ψ = 0.

The effect of interdot coupling on the average current
spectra is shown in Fig. 4, with a symmetrical time-dependent
external field applied. The resonant peaks are marked with
numbers for clarification. The labels of 0(0′,0′′), 1(1′,1′′),
and 2(2′,2′′) indicate the middle (left, right) main peaks, the
corresponding single-photon sideband peaks, and the double-
photon sideband peaks, respectively. As shown in Fig. 4, the
middle main peak marked 0 locates at the energy level of
εd = 0. The left and right main peaks marked 0′ and 0′′ al-
ways locate at the energy levels of εd =±k, respectively. With
the decrease of the interdot coupling strength, the left and right
main peaks 0′0′′ move close to the middle main peak. Mean-
while, the single- and double-photon sideband peaks marked
(1′, 1′′) and (2′, 2′′) approach to the zero energy level of εd = 0.
This results in multiple peak overlapping of the main and side-
band peaks, as illustrated in Figs. 4(b)–4(f). However, the av-
erage current degeneracy is removed completely once the in-
terdot coupling strength becomes strong enough (e.g., k = 5.0
as shown in Fig. 4(a)).

We further discuss the controllability of the degener-
ate average current by adjusting the interdot coupling strength.
At the moderate interdot coupling strength of k = 4.0, as
shown in Fig. 4(b), the overlapping of the double-photon side-
band peaks, (2, 2′) and (2, 2′′), takes place first at the en-
ergy levels of εd = ±2. With decreasing the interdot cou-
pling strength to k = 3.0, as shown in Fig. 4(c), the single-
and double-photon sideband peaks overlap each other at the
energy levels of εd =±1, ±2. When k = 2.0, the middle main
peak overlaps with the two double-photon sideband peaks (2′

and 2′′), as shown in Fig. 4(d). This leads to a three-fold de-
generate average current at εd = 0. Additionally, the left and
right main peaks (0′ and 0′′) overlap with the double-photon
sideband peaks around them. It is noted that the single-photon
sideband peak values at εd = ±1 are twice those at εd = ±3.

It results from the superposition of the two single-photon side-

band peaks at εd = 1 (−1), because an electron with energy

εd = 0 (−2) absorbs one photon while an electron with energy

εd = 2 (0) emits one photon. Under the weak interdot coupling

of k = 1.0 and k = 0.5, as shown in Figs. 4(e) and 4(f), the mid-

dle main peak is distinct from the left or right main peaks (0′

or 0′′) due to the complex superposition of the main peaks and

the single-photon sideband peaks. The overlap state (1′, 0, 1′′)

of the middle main peak with the two single-photon sideband

peaks is found in Fig. 4(e). More notably, the left or right main

peak (0′ or 0′′) overlaps simultaneously with both single- and

double-photon sideband peaks. This causes the middle main

peak 0 to be greater than the left or right main peak (0′ or 0′′).

In contrast, figure 4(f) shows that the left (right) main peak and

the single-photon sideband peaks marked 1′′(1′) overlap cor-

respondingly to be a degenerate average current peak. How-

ever, the overlap effect of the middle main peak (marked 0)

is no longer present, which causes the middle main peak am-

plitude to be smaller than the left (or right) one. Accordingly,

the interdot coupling strength is suggested to play a key role

affecting the magnitude and position of the average current

resonance peaks. Physically, the distance between the quan-

tum dot levels can be varied by adjusting the interdot coupling

strength. In the meantime, the locations of the photon-assisted

sideband peaks are also changed. Therefore, each current peak

comes from the contributions of electrons tunneling through

different channels. The electrons from the left lead tunnel to

the right lead travel via many different ways: tunneling by ab-

sorbing/emitting one photon or two photons, etc. The coherent

effect happens because the electron tunneling through differ-

ent channels may have different phases.
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Fig. 5. (color online) Average current resonance spectra versus quan-
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5π/4 to 2π , with k = 2.0, WL =WR = 1.0, and ∆φR = 0.

Electron transport properties of the composite device are
strongly influenced by the interplay of the quantum interfer-
ence due to the T-shape arrangement of the three-quantum-dot
molecules. Quantum interference governs physically the av-
erage current resonance of the model system. The quantum
interference can be manipulated by the phase difference of
electron wavefunctions between the two branches of the A–B
interferometer via a magnetic flux. Figure 5 shows the evo-
lution of the average current resonance spectra by scanning
the magnetic flux in the range of 0–2π . Note that the mag-
netic flux period of the average current resonance is 2π , show-
ing a significant A–B effect of electron transport. Originally
without magnetic flux (ψ = 0), the intrinsic singlet resonance
of the average current occurs exactly at the quantum dot en-
ergy levels of εd = 0,±n (n = 1, 2, 3, 4). The average current
maximum implies the maximum number of electrons passing
through the two branches of the A–B interferometer. When
introducing a magnetic flux into the model device, the promi-
nent modification to the average current resonance is the dou-
blet splitting of the resonance peaks, as shown in Fig. 5. The
magnetic flux leads to a phase difference between the electron
wavefunctions in the up and down branches, so the interfer-

ence occurs. The increase of the electron number causes more
of a drop for interfere current and max of current becoming
minimum, i.e., splitting phenomenon. Each current peak splits
into two peaks. Particularly under the magnetic flux of ψ = π ,
the completely destructive quantum interference leads to the
zero average current spectra without resonance. Under the
magnetic flux of ψ = 2π , the constructive quantum interfer-
ence takes place completely in phase to reproduce the singlet
resonance states in the average current spectra.

Additionally, figure 5(a) illustrates the reduction of the
average current resonance amplitudes with increasing mag-
netic flux in the range of 0 < ψ < π . As the magnetic flux
further increases in π <ψ < 2π , the average current resonance
recovers gradually, as shown in Fig. 5(b). The simulation re-
sults indicate that the average current resonance spectra under
ψ = π/4, π/2, 3π/4 are the same as those under ψ = 7π/4,
3π/2, 5π/4, respectively. The 2π-periodic modulation of the
average current resonance via the magnetic flux is favorable in
practice for tunable quantum devices.
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Fig. 6. Spin-dependent average current resonance spectra (a) before
and (b) after applying the time-modulated external field, with k = 2.0,
WL =WR = 1.0, ψ = π/2, and ∆φR = π/2. The spin up/down is denoted
by arrow ↑ / ↓.

117302-6



Chin. Phys. B Vol. 26, No. 11 (2017) 117302

In the model system, the Rashba spin–orbit-coupling-
induced phase factor φR is determined by φR = αLim∗/h̄2 ac-
cording to Refs. [39]–[43], where α is the Rashba spin–orbit
coupling strength, m∗ is the effective mass of electron, and Li

is the length of quantum dot i. The Rashba spin–orbit coupling
strength is about 3×10−11 eVm in semiconductors. The phase
factor φR is adjustable by varying the strength of the electric
field applied in the experiment, as presented in Refs. [41]–[43].

In Fig. 6, we show the simulated spin-dependent aver-
age current resonance spectra, taking into account the time-
modulated external field and magnetic flux. Here we empha-
size the role of the Rashba spin–orbit-coupling induced phase
factor. 〈I〉↑ (solid line) and 〈I〉↓ (dotted line) represent the
spin up and spin down average currents, respectively. Fig-
ure 6(a) shows the spin-dependent average current spectra be-
fore applying the external field. For spin up electrons (spin
index σ = 1), when the magnetic flux satisfies ψ = ∆φR, one
has ψ−σ∆φR = 0. The phase factors induced by the Rashba
spin–orbit coupling and magnetic flux cancel each other out.
This causes the spin up average current to degenerate into the
original one with three resonance peaks shown in Fig. 2(a).
Two anti-resonance zero dips exist at εd = ±

√
2. In con-

trast, for spin down electrons (spin index σ = −1), one has
ψ −σ∆φR = π . The half-wave phase difference of the elec-
tron wavefunctions through the A–B interferometer leads to a
completely destructive quantum interference. It results in zero
average current response. This forbids the spin down polarized
transmission of electrons.

Figure 6(b) shows the spin-dependent average current
spectra after introducing the time-modulated external field.
For spin up electrons, the photon-modified sideband resonance
peaks emerge noticeably in the average current spectra. Mean-
while the anti-resonance dips at εd = ±

√
2 are all beyond

zero-level. This implies that the spin up electrons with en-
ergy εd =±

√
2 have an anti-resonance tunneling effect under

the time-modulated external field. For spin down electrons,
the time-modulated external field does not affect the destruc-
tive quantum interference resulting in zero average current. It
is suggested, as shown in Fig. 6(b), that the pure spin up po-
larized transmission is obtainable in the whole quantum dot
energy region under the time-modulated external field. Note
that when the induced phase factor is ∆φR = −π/2, the spin-
dependent average current resonance spectra are correspond-
ingly interchanged for spin up/down electrons in Fig. 6. The
pure spin down polarized transmission occurs. Now the ad-
vancement in experiments and theories indicates that the tun-
ing of the Rashba spin–orbit coupling strength is executable in
quantum dots although it was previously a difficult task.[39–43]

Thereby the efficient spin filtering can be exploited by modi-

fying the Rashba spin–orbit-coupling effect under an AC bias
to induce a ±π/2 phase factor.

The spin-dependent average current response as a func-
tion of DC bias voltage VDC = µL−µR is simulated in Fig. 7.
Under the synchronous phase factors (ψ = ∆φR) induced by
the Rashba spin–orbit-coupling and magnetic flux, the 〈I〉–
VDC curves generally display multiple-step response for spin
up/down electrons, as illustrated in Fig. 7(a). It is associated
with the occurrence of a series of sideband resonance peaks
with different photon-assisted tunneling processes. It is found
that the spin polarization is enhanced with the increase of the
DC bias voltage. The direction of spin polarization is reversed
by applying a polarity reversal DC bias. It is important to
point out that the synchronous phases of ψ = ∆φR for spin
up electrons (spin index σ = 1) lead to the zero phase fac-
tor (ψ −σ∆φR = 0) in the matrix elements of Eq. (6). This
causes complete degenerate electron transport of the spin up
state to produce the same average current characteristics in the
〈I〉–VDC diagram, as plotted by the solid line in Fig. 7(a).
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Fig. 7. (color online) Spin-dependent average currents 〈I〉↑ (solid line)
and 〈I〉↓ (dotted line) versus DC bias VDC under a symmetric time-
dependent external field (WL(R) =ω = 1.0). The parameters are k = 2.0,
εd = 0 with (a) ψ = ∆φR = π/8 (blue curve), ψ = ∆φR = π/4 (green
curve), ψ = ∆φR = π/2 (red curve) and (b) ∆φR = π/8 (black curve),
∆φR = π/4 (green curve), ∆φR = π/3 (red curve), ψ = π/2.
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However, for spin down electrons with the synchronous
phase factors of ψ = ∆φR = π/8, π/4, π/2, the average cur-
rent amplitudes are overall reduced with the increase of the
Rashba spin–orbit-coupling induced phase ∆φR. At the critical
phase of ψ = ∆φR = π/2, the zero amplitude of the 〈I〉–VDC

curve is obtained for spin down electrons (σ =−1). Thereby
an efficient strategy of a spin sieve purifier can be suggested
in principle by electronically manipulating the synchronous
phase factors of ψ = ∆φR = π/2 under a DC bias.

It is worthwhile pointing out that the spin down average
current versus magnetic flux becomes π-periodic under the
synchronous phase condition of ψ = ∆φR. With further in-
creasing magnetic flux in the range of π/2 < ψ (= ∆φR)< π ,
the average current amplitude increases but the direction of the
spin down current remains unchanged. Accordingly, it is con-
cluded that the direction and amplitude of the spin polarization
can be regulated by tuning the DC bias and the synchronous
phase factors induced by the magnetic flux and Rashba spin–
orbit-coupling, under a symmetrically time-modulated exter-
nal field.

Figure 7(b) illustrates the effect of the Rashba spin–orbit-
coupling-induced phase factor (∆φR) on the spin-dependent
average current when the magnetic flux induced phase is fixed
at ψ = π/2. With the increase of the phase factor ∆φR in the
range of 0–π/2, the spin up average current increases; how-
ever, the spin down average current decreases. Thus, the mag-
nitude of the spin polarized current in the model system can
be controlled via the Rashba spin–orbit coupling strength by
varying the strength of the electric field applied in the experi-
ment.

Figure 8 demonstrates the role of different quantum dot
structures on the average current resonance response under an
asymmetrical external field. The simulation results at k1,2 = 0,
k2 = 0&k1 6= 0, and k1,2 6= 0 represent the cases in which a
single quantum dot, a double-quantum dot molecule, and a
triple-quantum dot molecule are inserted into the two arms of
the A–B interferometer, respectively. For the single quantum
dot structure (k1,2 = 0), a negative current resonance dip takes
place close to the positive main resonant peak, as shown by
the solid line in Fig. 8. The negative current is caused by
the electron-photon pump effect.[36] When the energy level
is lower than µL, it can be occupied by one electron. Un-
der the time-dependent field, the electron can absorb a photon
and tunnel into the left lead but not to the right lead, since the
field is only applied on the left lead. This results in a nega-
tive current. Moreover, in the absence of the time-dependent
field, a new tunneling channel forms when two additional side-
couple quantum dots couple with the quantum dots in each
arm of the A–B interferometer, respectively. This causes the
two (three) main resonance peaks to appear in the average cur-
rent curves of the double (triple)-quantum dot molecule A–

B interferometer. If the time-dependent field is introduced,
the photon-assisted sideband peaks are produced. Under the
asymmetrical external field, two (three) electron-photon pump
phenomena can be observed in the average current curve of the
double (triple)-quantum dot molecule A–B interferometer, as
shown by the dashed and dotted lines in Fig. 8. These are due
to the photonic sidebands induced by the time-dependent field.
It is predicted that more electron-photon pump regimes can be
exploited when multi-quantum dot molecules are designed to
construct a complex A–B interferometer device.
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Fig. 8. Average current spectra of different quantum dot structures un-
der an asymmetric external field. The parameters are WL = 1.0, WR = 0,
ω = 1.0, ∆φR = 0, and ψ = 0.

4. Conclusion
We have theoretically investigated the photon-assisted

electronic and spin transport properties through a T-shaped
three-quantum-dot molecule A–B interferometer. The time-
modulated quantum transport properties have been analyzed
under a time-dependent external field by employing the
Keldysh non-equilibrium Green’s function technique. With
the time-dependent external field, the photon-assisted average
current spectra exhibit a remarkable sideband effect. The mag-
nitude and position of the average current resonance peaks can
be regulated by varying the interdot coupling strength and the
amplitude of the time-dependent external field. A strong A–B
effect of the average current is present when a magnetic flux is
introduced into the multi-quantum dot molecules system. Pure
spin-up (or spin-down) polarized transmission is achievable in
the whole quantum dot energy region by tuning the Rashba
spin orbit coupling strength. A multiple-step quantized profile
of the 〈I〉–VDC curves is obtained in the numerical simulation.
It is found that the direction and magnitude of the spin po-
larization can be controlled by tuning the DC bias, magnetic
flux- and Rashba spin–orbit-coupling-induced phase factors in
the symmetric AC field. The electron-photon pump function is
exploited under a time-modulated asymmetric external field.
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