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Photon-mediated spin-polarized current in a
quantum dot under thermal bias∗
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Spin-polarized current generated by thermal bias across a system composed of a quantum dot (QD) connected to
metallic leads is studied in the presence of magnetic and photon fields. The current of a certain spin orientation vanishes
when the dot level is aligned to the lead’s chemical potential, resulting in a 100% spin-polarized current. The spin-resolved
current also changes its sign at the two sides of the zero points. By tuning the system’s parameters, spin-up and spin-down
currents with equal strength may flow in opposite directions, which induces a pure spin current without the accompany
of charge current. With the help of the thermal bias, both the strength and the direction of the spin-polarized current can
be manipulated by tuning either the frequency or the intensity of the photon field, which is beyond the reach of the usual
electric bias voltage.
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1. Introduction
Spintronic devices utilize not only the charge degrees of

freedom but also the spin degrees of freedom.[1–4] It is a hope-
ful candidate for a next-generation, energy-saving technology.
The preparation and manipulation of spin-polarized current
in a semiconductor quantum dot (QD), where quantized elec-
tron energy levels and electron number host, is at the heart of
spintronics.[5–10] Many effective techniques have been devel-
oped besides the traditional ones heavily relying on the mag-
netic fields and magnetic materials. One of the most attrac-
tive breakthroughs is the spin Hall effect where electrons of
different spin components are moving in opposite directions
on the two edges of a sample in the presence of spin–orbit
interactions.[11,12] Spin-up and spin-down electrons are then
separated in different paths and the collisions between them
are effectively suppressed. Consequently, fast speed and low
energy consumption devices can be realized. Another spin
control method is the time-dependent fields,[13] such as the
laser field or microwave fields which allow for the prepara-
tion, manipulation, and readout of single electron spins in low-
dimensional spintronic devices. Based on the optical pumping,
laser cooling,[14] and photoluminescence polarization, a single
spin state can be prepared in semiconductor QDs.[15] It can
then be manipulated and detected in terms of oscillating mag-
netic field[16] and ultrafast optical pulses.[17] Similar to the
generation of charge current by bias voltage, one can use spin
bias[18] to prepare and manipulate spin-polarized current[19]

and spin state in low-dimensional structures.[20–22]

Very recently, spin Seebeck effect has been observed in
a metallic magnet, where a pure spin current or spin bias was
induced by a temperature gradient across the system.[23] Such
an effect may be used to generate and detect information en-
coded on electron spin in terms of thermal signals, which pro-
vides a new way of designing quantum devices based on the
thermal bias instead of the usual electric bias. Many works
have then been devoted to this thermospin effect in QD-based
systems.[24–26] It was found that a spin-polarized current can
be generated in a quite simple device due to the properties of
the thermal bias and the quantized energy levels on the QD. In
our previous work, we have demonstrated that a single spin
state can be effectively prepared and manipulated in a QD
coupled to ferromagnetic leads in the presence of a thermal
bias.[27] Spin-polarized transport through a QD connected to
a normal metal lead and a ferromagnetic lead held at different
temperatures has been studied by Ying et al. using the master
equation approach.[26] They found a rectification effect of the
spin polarization, that is, in the positive temperature bias direc-
tion, the current polarization has a nonzero plateau, while the
current polarization vanishes when the direction of the tem-
perature bias is reversed. Impact of the time-dependent field
on the electron transport through QDs has been investigated
in several works with thermal bias.[28–32] Combined effects of
polarized light and temperature difference on spin-polarized
transport through a QD connected to two ferromagnetic elec-
trodes have been studied by Ying et al.[28] A pure spin current
can be obtained without being accompanied by charge current
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in such a system. Some new quantum phenomena, such as the
sign reversal of the tunnel magnetoresistance, were found due
to the temperature difference and the Rabi frequency.[28]

In the present paper, we study the associated effects of the
photon field and the thermal bias on spin-dependent transport
in a QD coupled to two normal metallic leads. Under a small
thermal bias and a finite magnetic field, the current of a certain
spin component has a zero point when its dot level is aligned
to the chemical potential, whereas the current of the other spin
component has a finite value due to the properties of the ther-
mal bias. As a result, a 100% spin-polarized current emerges
at this point denoted by the dot level which is adjustable by
the gate voltage. Moreover, the spin-resolved current changes
its sign at the two sides of the zero points, and then spin-up
and spin-down currents may transport in opposite directions
in some dot level regimes. If the current intensities of the two
spin components are equal, the charge current vanishes, and
there is a pure spin current whose polarization is infinite. To
further manipulate the spin-polarized current, we apply a pho-
ton field on the system, and show that both the strength and
the direction of the spin-polarized current are sensitive to ei-
ther the photon strength or the photon frequency. We empha-
size that the magnitude of the pure spin current is quite large
compared to that in the previous work,[24] and the system is
more favorable in experiment as there are no ferromagnetic
electrodes, which were studied in Refs. [23]–[28].

2. Model and method
The considered system is described by the following

Hamiltonian (h̄ = 1):[24]

H = ∑
k,σ ,α=L,R

εkα c†
kασ

ckασ +∑
σ

εσ (t)d†
σ dσ

+ ∑
k,σ ,α=L,R

(Tkα c†
kασ

dσ +H.c.), (1)

where the first term describes the free electrons in the left
(L) and right (R) leads, in which c†

kασ
(ckασ ) is the creation

(annihilation) operator of an electron with momentum k, en-
ergy εkα , and spin σ . We consider that the system is driven
out of equilibrium by a thermal bias ∆T = TL − TR, where
TL(R) is the temperature of the left (right) lead. The sec-
ond term is for the electron on the QD, where d†

σ (dσ ) is
the creation (annihilation) operator of an electron with energy
εσ (t) = εd + σgµBB/2+∆ cosΩ t, with σ = + and σ = −
denoting spin up and spin down, respectively. The quantity εd

denotes the gate voltage tunable bare dot level, and B is the
applied vertical magnetic field, with g and µB being the landé
factor and the Bohr magneton, respectively. The ∆ is the am-
plitude of the photon field, and Ω is the frequency of the pho-
ton. The last term describes the electron hopping between the
QD and the leads with coupling strength Tkα .

The time-dependent, spin-resolved current is calcu-
lated by following the standard Keldysh–Green’s function
technique:[33]

Jασ (t) =−e〈Ṅασ 〉=−ie〈[H,Nασ ]〉,

where Nασ is the occupation number operator of lead α . Em-
ploying the equation of motion method, one finds the current
in the following form:[33]

Jασ (t) = −eΓα

∫ t

∞

dt1
∫ dε

2π
Im{e−iε(t1−t)

× [G<
σ (t, t1)+Gr

σ (t, t1) fα(ε)]}, (2)

where fα = 1/{1 + exp[(ε − µα)/kBTα ]} is the Fermi dis-
tribution function in lead α with chemical potential µα and
temperature Tα . Here we assume zero electric bias voltage,
i.e., µL = µR = 0, and the electron is driven by the ther-
mal bias ∆T = TL− TR as mentioned above. The tunneling
rate between lead α and the central region (QD) is given by
Γα = 2π|Tkβ |2ρα with density of states ρα therein. The dot
single-electron retarded and lesser Green’s functions are de-
fined respectively as Gr

σ (t, t1) = −iθ(t− t1)〈{dσ (t),d
†
σ (t1)}〉

and G<
σ (t, t1) = i〈d†

σ (t1)dσ (t)〉. Taking the time average of the
current, one finds[33,34]

Jσ = e
∫ dε

2π
[ fL(ε)− fR(ε)]Tσ (ε), (3)

with the transmission coefficient

Tσ =− ΓLΓR

ΓL +ΓR
Im

∞

∑
n=−∞

J2
n

(
∆

Ω

)
Gr

n,σ (ε), (4)

where Jn is the n-th order Bessel function and the Fourier
transform of the retarded Green’s function is Gr

n,σ (ε) =

[ε − (εd +σgµBB/2+ nΩ)+ i(ΓL +ΓR)/2]−1. The obtained
Green’s function indicates that the harmonic modulation of the
dot level yields photon-assisted peaks in the transmission co-
efficient, and the peaks will arise in different dot levels εd due
to the Zeeman splitting.

3. Numerical results
In numerical calculations, we assume symmetric barriers

between the leads and the dots, and choose ΓL =ΓR =Γ0 = 1 as
the energy unit and set the constants e = h̄ = kB = 1. Through-
out the paper, the system temperature in equilibrium state
and the bias voltage V = µL− µR are all fixed to zero, i.e.,
T0 = V = 0. We also assume that the temperature of the left
lead is higher than that of the right one, i.e., TL = T0 +∆T and
TR = T0, with fixed thermal bias ∆T =Γ0. Impacts of different
values of T0 and ∆T on the currents will be discussed qualita-
tively in the following. It should be noted that the size of the
dot is an important factor. For example, it determines the elec-
tronic structures of the QDs, and changes the positions and the
numbers of the dot levels on it. Correspondingly, the transport
and the optoelectronic properties are significantly influenced.

037304-2



Chin. Phys. B Vol. 26, No. 3 (2017) 037304

In the present paper, we assume that the size of the dot is fixed
for the sake of simplicity and the dot level can be controlled by
the gate voltage. We first present in Fig. 1 the time-dependent
conductance Gσ (t) in the presence of the photon field, which
is given by[33]

Gσ (t) =
ΓLΓR

ΓL +ΓR
Im

∞

∑
n=−∞

exp
[
− i

∆

Ω
sin(Ω t)

]
Jn(

∆

Ω
)e ikωt

µ− εσ − kΩ + i(ΓL +ΓR)/2
. (5)

It can be seen from the above equation that the positions
of the resonant peaks in the spin-up and spin-down conduc-

tances will be split due to the Zeeman splitting of the dot level
εσ = εd +σgµBB/2. Such a splitting can be enhanced by the
photon field, and then it is possible to select a certain spin com-
ponent to be transported through the system. Figures 1(a)–1(c)
show that the conductance Gσ (t) has a period of 2π/Ω in unit
of 1/Γ0 (h̄ = 1). Meanwhile, both the strength and the line-
shape of the conductance are influenced by the photon fre-
quency. The properties of the conductance are also sensitive
to the photon intensity as shown in Figs. 1(d)–1(f). It suggests
that either the photon frequency or the photon intensity can
effectively change the spin-dependent transport properties.
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Fig. 1. Spin-dependent conductance Gσ versus time t for (a)–(c) different photon frequencies ω , and (d)–(f) different photon intensi-
ties. The bare dot level and the magnetic field are fixed to εd = 0 and gµBB = 2Γ0. The photon intensity in panels (a)–(c) is ∆ = 5Γ0.
The photon frequency in panels (d)–(f) is ω = 2Γ0.

Figure 2(a) presents the spin-resolved currents driven by
the thermal bias free from the photon field. The dot level be-
comes spin-dependent due to the existence of the magnetic
field, across which the current Jσ is zero. The properties of
the electric current induced by the temperature difference can
be explained as follows.[23,24,27,30] In the hotter lead, there
are more electrons being excited above the chemical poten-
tial µ and correspondingly more holes being generated below
µ . When the energy level εσ is below µ , the main carriers are
holes and then the current Jσ is negative. When the energy
level is above µ , the main carriers are electrons and thus the
current is positive. When the dot level is aligned to the chem-
ical potential, the current of the electrons is compensated by
that of the holes and then the total current is zero. So one can
tune the external gate voltage to obtain a certain anticipated
spin-resolved current.

When the bare dot level εd locates within ε↑ and ε↓, J↑

and J↓ have opposite signs and then a large spin polarization
is achieved. For example, when εd = −Γ0, the spin-up level
ε↑ = εd + gµBB/2 is aligned to the chemical potential µ , and
then J↑ is zero but J↓ 6= 0 as shown in Fig. 2(a). The cur-
rent spin polarization p = (J↑− J↓)/(J↑+ J↓) equals −1. At
εd =Γ0, there is only a spin-up current and p = 1. So the spin-
up and spin-down currents are totally separated. At εd = 0, the
spin-up and spin-down currents with equal strength are flow-
ing in opposite directions. Now the charge current Jc = J↑+J↓
is zero as indicated by the dashed line in Fig. 2(b), whereas the
spin current Js = J↑− J↓ achieves its maximum as shown by
the solid line in the figure.

It is known that when a thermal bias ∆T is applied, the
difference between the Fermi distributions of the left and right
electrodes will drive a thermoelectric current at zero voltage
bias.[23,24] This thermoelectric current induced by ∆T is fun-
damentally different from that driven by electric bias since the
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latter is directly dominated by the properties at the Fermi level
as shown in Fig. 2(c), while the former involves the full en-
ergy spectrum. Figure 2(c) presents the spin-dependent trans-
mission (the solid and the dashed lines) and the difference be-
tween the Fermi functions in the left and right leads. The quan-
tity fL(ω)− fR(ω) changes its sign near the Fermi level µ = 0
(dotted line) and then the spin-dependent current, which is di-
rectly proportional to the product of Tσ and fL(ω)− fR(ω),
changes sign correspondingly.[29]
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Fig. 2. (color online) (a) Spin-resolved current Jσ , (b) spin current, and
(c) charge current as functions of the bare dot level εd. The transmis-
sion coefficient and the difference between the Fermi functions of the
two leads in panel (c) vary with the electron energy. The system is free
from the photon field, and the magnetic field gµBB = 2Γ0, the thermal
bias kB∆T = Γ0.

In Fig. 3, we present the currents as functions of the bare
dot level εd for different magnetic fields without photon field.
With increasing magnetic field, the spin-up and spin-down
levels are separated away accordingly, and then the positions
of the zero points of the spin-dependent currents are varied
as shown in Fig. 3(a). The line-shape of Jσ in the case of
gµBB = 4Γ0 and 6Γ0 resembles that of gµBB = 2Γ0, whereas
the characteristics of the charge current in Figs. 3(b) and 3(c)
are drastically affected. Fortunately, the main characteristics
of the currents near the chemical potential are qualitatively
preserved due to the property of the thermal bias.[29] It is found
that the charge current is always zero regardless of the varia-
tion of the magnetic field because the spin-up and spin-down
currents with equal strength are flowing in opposite directions.
As a result, there is always a large pure spin current at the
chemical potential of the leads.

We now present in Fig. 4 the currents as functions of the
photon frequency Ω and the bare dot level εd with fixed mag-
netic field and photon intensity. It is shown that the spin-up
and spin-down currents are still zero at εd = −Γ0 in Fig. 4(a)

and Γ0 in Fig. 4(b). At the two sides of each zero point, Jσ

changes its sign and develops a maximum. The spin current
in Fig. 4(c) then has a maximum at the chemical potential,
which is similar to the case of zero magnetic and photon fields.
In the presence of the photon field, the dot level originally
split by the magnetic field now becomes εd +σ µBB/2+ nΩ

with n = 0,±1,±2,±3, . . ..[34] Correspondingly, the electrons
will transport from the left lead to the right one whenever a
photon-induced sub-channel enters into the conduction win-
dow opened by the thermal bias. Due to the Zeeman splitting
of the dot level, each spin component electron enters into the
conduction window at different photon frequency, resulting in
an interesting frequency selective spin transport through the
dot.[34]
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Fig. 3. (color online) (a) Spin-dependent current Jσ , (b) charge cur-
rent Jc, and (c) spin current Js as functions of the bare dot level εd for
different magnetic fields in the absence of the photon field.

The behavior of the photon-assisted current induced by
the thermal bias, however, is quite different from that driven
by the usual electric bias voltage.[34] The current develops
peaks only in lower photon frequency regime in the case of
the electric bias,[34] but the current Jσ develops peaks in both
lower and higher frequency regimes (n = ±2,±3) in our case
as shown in Figs. 4(a) and 4(b). As discussed above, the rea-
son is that the thermoelectric current induced by the thermal
bias is determined by the full energy spectrum, whereas that
driven by electric bias is directly dominated by the properties
at the Fermi level. The spin current in Fig. 4(c) then has more
resonant peaks, which offers extra opportunities for generating
pure spin currents by selecting the photon frequency. As usual,
the strength of the currents in these sub-channels is weakened
with increasing n.[29–32,34]
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Finally in Fig. 5, we investigate the pure spin current as
a function of the photon frequency for different photon inten-
sities when εd = 0. The strength of the pure spin current is
sensitive to the photon intensity and is non-monotonically de-
pendent on ∆ . From Eq. (4), one can see that the transmission
Tσ depends on not only the photon frequency but also the pho-
ton intensity. The photon frequency determines the location of
the phonon-induced sub-channels and the phonon intensity af-
fects the weight of the conduction ability of each sub-channel.
In the higher frequency regime (Ω > 5Γ0), the spin current’s
strength decreases with increasing photon intensity since the
photon-induced sub-channels are shifted away from εd = 0.
Interestingly, in the lower frequency regime Ω < 5Γ0, either
the strength or the direction of the pure spin current can be
changed by varying the photon intensity. This is because now
the interplay between the sub-channels is strong and then the
intensities of the spin-up and spin-down currents are drasti-
cally changed. We emphasize that this can only happen un-
der a thermal bias since now the currents are determined by
the electrons in the full energy spectrum, whereas the current
intensity in the presence of the electric current is only de-
termined by the electron properties near the Fermi level.[34]

In the present paper, we deal with the cases of fixed tem-
perature T0 and thermal bias ∆T . Generally, with increas-

ing ∆T , the strength of the spin-polarized current will be en-
hanced accordingly with the properties obtained here quantita-
tively preserved. Increasing system temperature T0, however,
will weaken the function of the thermal bias and the working
regimes for the spin-polarized currents will become unclear.
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Fig. 5. Spin current as a function of the photon frequency for different
photon intensities under fixed dot level εd = 0 and gµBB = 2Γ0.

4. Conclusion
We have studied the possibilities of generating and ma-

nipulating the spin-polarized current in a quantum dot coupled
to normal metal leads in the presence of a thermal bias and a
photon field. It is found that different from the current driven
by the electric bias voltage, the spin-polarized current induced
by the thermal bias has peaks in both lower and higher pho-
ton frequency regimes, providing additional work regimes for
the pure spin current. Furthermore, both the strength and the
direction of the pure spin current can be changed by varying
either the photon frequency or the photon intensity. This is be-
cause the interplay between the spin-up and spin-down trans-
missions within the conduction window opened by the thermal
bias is strong. We emphasize that the effects of the photon field
on the spin-polarized current under thermal bias are quite dif-
ferent from the cases with electric bias, providing an effective
spin control means based on thermospin technique.
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