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We investigate the spin-related currents and tunnel magnetoresistance through a quantum dot, which is side-coupled
with a Majorana fermion zero mode and two thermal-driven ferromagnetic electrodes. It is found that the interplay of
Majorana fermion and electrodes’ spin polarization can induce a nonlinear thermal-bias spin current. This interplay also
decreases the total magnitude of spin or charge current, in either parallel or antiparallel configuration. In addition, a
thermal-driven negative tunnel magnetoresistance is found, which is an unique feature to characterize Majorana fermion.
With large temperature difference, a step phenomenon is observed in gate tuned spin-up current. When the coupling
between quantum dot and topological superconductor is strong enough, this step will evolve into a linear relation, revealing
Majorana fermion’s robustness.
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1. Introduction
The central theme of spintronics is to manipulate spin
degrees of freedom in solid-state systems, to understand the
interaction between the particle spin and its solid-state environments and to make useful devices. [1,2] In spintronics, generation of spin-polarized currents usually uses ferromagnetic
electrodes [3–6] or central system’s spin polarization. [7,8] The
ferromagnetic electrodes have parallel or antiparallel configurations. With these configurations, the physical quantities can
be measured by spin current, charge current or tunnel magnetoresistance (TMR). [9–11] Usually, the value of TMR is positive due to the charge current in parallel configuration is larger
than the current in antiparallel configuration. [10] However, as
will be seen below, the TMR can be negative when Majorana
fermion is introduced.
Majorana fermions, with antiparticles being themselves,
have been searched in high-energy physics for a long
time. [12–14] The Majorana pair possesses topological properties, and in condensed matter physics it has been shown that
the topology can be realized in many materials, such as topological insulators, [15,16] Bose–Einstein condensates, [17–19]
Kagome lattice, [20,21] and silicene. [22] Recently, searches for
Majorana fermions in condensed matter physics have attracted
much attention, theoretically or experimentally, [23–30] due to
the fact that they have non-Abelian statistics [31,32] and are
promising in quantum computation. The predicted Majorana
bound states, or Majorana zero modes correspond to the Ma-

jorana fermions in high-energy physics. They are coherent
superpositions of hole and electron excitations of zero energy, which can be realized at the two ends of a topological superconductor wire. [33,34] In quantum transport, the readout and manipulation of Majorana zero mode in quantum dotMajorana hybrid systems [35–39] have been extensively studied
and many interesting results are found. For example, the presence of Majorana zero mode leads to a quantized 1/2 zero-bias
conductance [35] G = 2e2 /h, when the dot is on resonance and
symmetrically coupled to the probing leads.
Motivated by these achievements, in this paper we consider temperature-driven spin-polarized quantum transport in
a quantum dot-Majorana hybrid system connected with ferromagnetic electrodes. The polarization are generated from two
factors: the central system’s spin polarization induced by Majorana zero mode and the ferromagnetic electrodes’ spin polarization. It is shown that the interplay of Majorana fermion
and electrodes’ spin polarization leads to some interesting results. For instance, we find that the interplay can induce nonlinear thermal-driven spin current. A thermal-driven negative
tunnel magnetoresistance is also found. With large temperature difference and strong coupling between quantum dot and
topological superconductor, the relationship between spin-up
current and gate voltage becomes linear, revealing Majorana
fermion’s robustness.
This paper is organized as follows. In Section 2 we
describe the model of quantum dot coupled with Majorana
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fermion zero mode. Specific Hamiltonian, basic formula for
currents and TMR are presented there. In Section 3 we present
the numerical results and explain the behaviors of spin-related
currents and TMR. Finally, Section 4 is devoted to a brief conclusion.

For spin-down Green’s function, it is easy to obtain
hhd↓ |d↓† ii =

2. Model and method

H =

∑ εkα c†kασ ckασ + ∑ (tkασ c†kασ dσ + H.c.)
kσ α

kασ

+∑

ε0 dσ† dσ

+ λ (d↑ − d↑† )γ1 ,

ω − ε0 − Σ0↓

.

(3)

Within the non-equilibrium Green’s function formalism, the
transport current is expressed as [41,42]
e
Iσ =
h̄

We consider a system shown in Fig. 1. It consists of a
spin-degenerate quantum dot (QD) side-coupled with a topological superconductor wire, which supports two Majorana
fermion zero modes. It is assumed that the length of the topological superconductor wire is larger than the superconducting
coherence length, so that the overlap and interaction between
the pair of two Majorana zero modes are neglected. [40] The
QD is also coupled to two thermal-driven ferromagnetic leads.
The Hamiltonian can be written as [35–40]

1

Z

dω

ΓLσ ΓRσ
[ fL (ω) − fR (ω)] ρσ (ω),
ΓLσ + ΓRσ

(4)

where ρσ (ω) = − (1/π) ImGrσ (ω) is the spectral function;
Grσ (ω) = hhdσ |dσ† ii is the on-site retarded Green’s function;
fα (ω) = {exp [(ω0 ) /kB T ] + 1}−1 is the Fermi–Dirac distribution function. Thermal-driven currents generate from temperature difference in left and right leads. We take TL = θ + TR ,
where TR is taken as background temperature and θ denotes
the temperature difference. From Eq. (4), the corresponding
spin current [43,44] and charge current are given as Is = I↑ − I↓
and Ic = I↑ + I↓ . In the following, we denote the charge current as IP for ferromagnetic leads’ parallel configuration, and
IAP for antiparallel configuration.

(1)

σ

where the first term in Eq. (1) describes the left and right
leads; c†kασ (ckασ ) is the electronic creation (annihilation) operator with momentum k, spin σ , and energy εkα in the electrodes α = L, R. The second term describes the coupling between the dot and the ferromagnetic leads; tkασ describes the
spin-dependent tunneling amplitude between quantum dot and
leads. The third terms in Eq. (1) describe the spinful quantum
dot. The operators dσ and dσ† denote annihilation and creation
of a quantum dot electron with spin σ and gate tunable energy
level ε0 . The last term in Eq. (1) describes the coupling between the dot and the Majorana zero mode (MZM), where λ is
the coupling parameter and γ1 describe the MZM, which have
developed at the edges of the topological nanowire. Because
of MZM’s helical property, only one of the dot spin degrees of
freedom (chosen as spin-up) is coupled to the MZM. [39]
The standard equation of motion method yields the exact
expression for the spin-up Green’s function [35]
hhd↑ |d↑† ii =

1
ω − ε0 − Σ0↑ − 2λ 2 K(ω)[1 + 2λ 2 K̃(ω)]

,

(2)

where K(ω) = 1/ω and K̃(ω) = K(ω)/[ω + ε0 − Σ0↑ −
2λ 2 K(ω)]. Σ0↑ = ∑kα |tkα↑ |2 /(ω − εkα + iη) is the spinup self-energy induced by the coupling between ferromagnetic leads and QD. Under the wide band approximation, the
self-energy is calculated by [10] Σ0↑ = −i(ΓL↑ + ΓR↑ )/2, with
σ = Γ (1 + σ p) for ferromagnetic leads’ parallel configuΓL/R
ration. For antiparallel configuration, ΓLσ = Γ (1 + σ p) and
ΓRσ = Γ (1 − σ p). Γ is the line-width constant, and p is the
spin-polarization parameter.

ΓLσ
QD

TS

ΓRσ

Fig. 1. Schematic depiction of the model under consideration. The
system is placed between two ferromagnetic electrodes with spindependent coupling Γασ . It consists of a quantum dot and a topological superconductor which supports Majorana fermion zero modes. One
of the quantum dot’s spins is side-coupled with a Majorana zero mode
(MZM) (see Hamiltonian in the text). The electrodes is applied with a
temperature difference.

The spin-polarized transport properties, especially the
tunnel magnetoresistance (TMR) effect, have been proven to
be useful in information-storage devices. TMR is quantitatively characterized as [10]
TMR = (IP − IAP )/IAP .

(5)

3. Results and discussion
In the following we investigate the transport properties
induced by the interplay of Majorana fermion and electrodes’
spin polarization. Based on the formulas of currents and TMR,
the numerical results are provided.
Firstly, in Fig. 2 we consider the spin current Is and charge
current IP (IAP ) for parallel (antiparallel) configuration, as a
function of the temperature difference θ . We start first to analyze the behaviors of spin current with electrodes’ parallel configuration in Fig. 2(a). When p = 0 and λ = 0, i.e., when there
are no spin polarization and Majorana fermion, the magnitudes
of spin-up and spin-down currents are equal, hence the spin
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Fig. 2. Spin current and charge current as a function of temperature
difference for parallel configuration [(a), (b)] and antiparallel configuration [(c), (d)]. The spin polarization and QD-MZM coupling strength
in (a)–(d) are kept to be unchanged. In comparison, the curves for p = 0
are also presented (dashed and dotted lines). The other parameters are
ε0 = 1, Γ = 0.02. The background temperature is chosen as kB T = 0.01.
All energies are in units of meV.
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the currents with varying gate voltage for fixed large temperature difference. In Fig. 3 we focus on the behaviors of spin-up
current I↑ (in which Majorana fermion appears and exhibit an
interesting result, as will be shown below) and spin current Is .
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current is zero. When the QD–MZM coupling appears (p = 0
and λ = 1), one can observe a negative thermal-driven spin
current. This is because the appearance of Majorana fermion
decreases spin-up current and induces a negative spin current.
However, when p 6= 0 and λ = 0, one can observe a positive
spin current, because the majority spin-up electrons can flow
through the QD with parallel configuration. Thus the interplay of Majorana fermion and spin polarization induces a nonlinear spin current, which decreases first and then increases,
as seen in Fig. 2(a) with p = 0.5 and λ = 1. Although ferromagnetic leads’ spin polarization induces spin-up majority
and spin-down minority, itself alone does not affect the total
magnitude of the charge current. Thus in Fig. 2(b) the two
curves (p = 0, λ = 0 and p = 0.5, λ = 0) overlap. As shown in
Fig. 2(a), the QD–MZM coupling alone will decrease charge
current, as seen in Fig. 2(b) for p = 0, λ = 1. However, the
union (or interplay) of Majorana fermion and spin polarization
will further decrease the charge current, as seen in Fig. 2(b) for
p = 0.5, λ = 1. In the meantime, one can see from Fig. 2(d)
that the charge current also has the minimal magnitude for
p = 0.5, λ = 1. Therefore, we can conclude that the interplay decreases the total magnitude of the charge current, in
either parallel or antiparallel configuration. We then analyze
the behaviors of currents with antiparallel configuration. The
antiparallel configuration alone does not induce spin current,
instead it decreases the total magnitude of the charge current,
as seen in Figs. 2(c) and 2(d). The QD–MZM coupling alone
will decrease spin-up current, and generate negative spin current. However, the interplay of Majorana fermion and spin
polarization will further decrease the spin current, as seen in
Fig. 2(c).
From Fig. 2 one can see a characteristic of the thermaldriven currents: with large enough temperature difference, the
currents tend towards stability, i.e., thermal bias will not affect
the currents anymore, and in this situation the currents will be
sensitive to gate voltage (or ε0 ). Hence in Fig. 3 we discuss

Fig. 3. Spin-up current I↑ and spin current Is as a function of energy level ε0 for parallel configuration [(a), (b)] and antiparallel configuration [(c), (d)]. The spin polarization and QD–MZM coupling
strength in (a)–(d) are kept to be constant. In comparison, the curves
for p = 0 are also presented (dashed and dotted lines). The other parameters are θ = 30, Γ = 0.02. The background temperature is chosen
as kB T = 0.01. All energies are in units of meV.

Let us discuss the spin-resolved current first. In Figs. 3(a)
and 3(c), for the curves of λ = 0, one sees a step located at
ε0 = 0, where the gate tunable energy level ε0 passes through
the Fermi surface. When ε0 < 0, there is a heat-generated current flowing from right lead to left (which is negative). When
ε0 > 0, there is a positive current flowing from left to right.
It should be pointed out that in bias-driven quantum transport
the phenomenon of step in current is also observed, where the
gate voltage is fixed. Here the situation is opposite. An interesting result found here is that when λ = 1, the step disappears
and the functional relation between spin-up current and energy
level becomes linear. This reveals Majorana fermion’s robustness. Due to this linear relationship, i.e., Majorana fermion’s
robustness, the spin currents for λ = 1 show an antisymmetric
oscillating structure, as seen in Figs. 3(b) and 3(d). The union
of Majorana fermion and spin polarization decreases the magnitude of current, which is verified again in Figs. 3(b) and 3(d).
Interestingly, the spin current has three zero points for parallel
configuration, while in the case of antiparallel configuration
or zero spin polarization, the spin current has only one zero
point.
In Fig. 4 we present the TMR as a as a function of temperature difference. In Fig. 4(a) we consider the thermal-driven
TMR without MZM. At θ = 0, the TMR starts with the Jul
liere value [3,10] 2p2 / 1 − p2 . Increasing the temperature of

left lead, TMR reduces to p2 / 1 − p2 , meaning that the transport channel ε0 is active. As a comparison, when λ 6= 0, i.e.,
the interplay of Majorana fermion and spin polarization is introduced, one observes a sign change of TMR, the position of
which is related with the energy level ε0 . In the meantime, one
can see a negative TMR. The sign change and negative TMR
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are induced by the alternately change of IP and IAP , which is
originated from the interplay. This sign change and negative
TMR are unique and can be counted as a fingerprint of Majorana fermion.
In Fig. 5 the TMR varying with energy level ε0 is presented. In Fig. 5(a) the TMR without Majorana fermion is
shown. The TMR changes intensely around ε0 = 0, when it
passes through the Fermi level. The whole curve of TMR is
positive, because IP > IAP . In Fig. 5(b) the TMR with QDMZM coupling and spin polarization is plotted. It is seen that
the gated-tuned TMR with fixed large temperature difference
exhibits a symmetric structure, and two regions of negative
TMR are observed, which is accompanied with multiple sign
changes.
1.2

TMR

(a)
0.8
p/.
p/.

0.4

4. Conclusions
In summary, we have used an exactly solvable model to
discuss thermal-driven quantum transport involved with the interplay of Majorana fermion and spin polarization. It is found
that the interplay of Majorana fermion and spin polarization
can induce a nonlinear thermal-bias spin current. A thermaldriven negative tunnel magnetoresistance is also found. With
large temperature difference, the gate tuned spin-up current
becomes linear, when the coupling between quantum dot and
topological superconductor is strong enough, revealing Majorana fermion’s robustness. These results may be useful in the
future design of thermal-based spintronic devices.
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