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1. Introduction

Spintronics, which works on the electron spin instead of 
charge to build new electronic devices, has attracted intensive 
interests since the discovery of giant magnetoresistance effect 
due to the great advantages of spin manipulation, such as fast 
speed, low energy consumption and high integration densities 

[1, 2]. Thus far, many effects related with spin transport, such 
as spin filtering [3, 4], spin switching [5–8], and spin current 
[9–17], have initiated great interests. Especially, spin current, 
a very important physical quantity in spintronics, and char-
acterized by the opposite flow direction for different spins, 
has been intensively studied. Importantly, how to generate 
spin current has been the focus of numerous studies for many 
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Abstract
Electron transport driven by a temperature gradient in a transport junction constructed by 
connecting a zigzag hexagonal boron nitride (h-BN) nanoribbon between two graphene 
nanoribbons (Gr/BN/Gr) is studied by density functional calculations and non-equilibrium 
Green’s function method. When the zigzag-edged graphene nanoribbons are in the 
ferromagnetic configuration, the BN barrier introduces a spin-dependent scattering and causes 
an ‘X’-type spin-dependent transmission functions around the Fermi level at equilibrium. 
In a linear response approximation, this gives rise to a Seebeck thermopower with opposite 
signs for different spins. It drives electrons with different spins to flow in opposite directions 
under a finite temperature gradient. Calculations show that the charge current is zero while 
spin current is not, thus pure spin current is generated. These findings suggests the great 
importance of BN barrier in the generation of thermal spin current using graphene and the idea 
should be taken into consideration in the design of spintronic devices using two dimensional 
materials.
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years. Up to now, there are several schemes or mechanisms 
for producing spin current, such as spin Hall effect induced 
by spin–orbit coupling [10, 11, 18], optical injection [19], 
current injection from a ferromagnet to a normal metal [20], 
adiabatic quantum pumping [12, 13], voltage control in three-
terminal devices [14], macroscopic phase difference control in 
intrinsically spin–orbit coupled superconductor/ferromagnet/
superconductor (S/F/S) Josephson junctions [15, 16], Strain-
controlled spin pumping [17], and the superconducting prox-
imity effect due to Andreev reflection in hybrid F/S system [7]. 
Recently, there emerges a new field, namely, spin caloritronics 
[21, 22], which combines both thermoelectrics and spintronics 
and mainly studies the interaction between spin, charge and 
heat in materials. An important effect in a spin caloritronic 
device is the spin-dependent Seebeck effect (SDSE), which 
features different Seebeck thermopower for different spins in 
spin polarized systems [23, 24]. It has been shown that the 
thermoelectric field induced by a temperature gradient may 
drive the electrons to flow either from the hot lead to the cold 
lead or from the cold lead to the hot lead, depending on the 
sign of the thermopower S [25]. Interestingly, in certain spin 
polarized systems, the sign of thermopower can be positive for 
one spin and negative for the other simultaneously [26–28]. 
With this feature, SDSE was suggested as an alternative way 
for spin current generation [29].

It is well known that low dimensionality leads to fas-
cinating properties due to quantum confinement effect. In 
particular, two dimensional (2D) materials have initiated 
extensive investigation since graphene was successfully fab-
ricated in 2004 [30], followed by the discovery of many other 
2D materials, such as, hexagonal boron nitride sheet (h-BN) 
[31], transition-metal dichalcogenides (TMDs) [32], mono-
layer black phosphorus (MBP) [33], silicene [34, 35], and 
others [36–41]. One dimensional(1D) form of them, namely, 
cutting them into nanoribbons, often results in different prop-
erties from their bulk. As the first member of 2D material 
family fabricated experimentally, graphene is considered as 
a potential candidate for spintronic devices due to its excel-
lent properties, such as long spin diffusion paths, high carrier 
mobility and extreme flexibility [42–44]. Especially, graphene 
nanoribbons with zigzag edges (ZGNRs) have two magnetic 
states, namely, ferromagnetic (FM) and antiferromagnetic 
(AFM) states, which originate from different magnetic cou-
plings between the edges. Although AFM state is the ground 
state of ZGNRs, it can transform into FM state under the con-
dition of magnetic filed, thus the properties for the FM state 
of ZGNRs have been extensively studied [45–47]. In addi-
tion, h-BN is also a one-atom-thick material structurally quite 
similar to graphene with one sublattice occupied by B atoms 
and the other by N atoms [48, 49]. Distinct from graphene, 
monolayer h-BN is an insulator with a wide band gap about 
5.9 eV. Similarly to graphene, h-BN sheet can also be cut into 
nanoribbons with zigzag or armchair edges. Previous studies 
have shown that h-BN nanoribbons (BNNRs) are stable under 
high temper ature and more resistant to oxidation than gra-
phene. Moreover, due to the very small lattice mismatch and 
the marked difference of electronic properties between gra-
phene and h-BN sheet, hybrid heterostructures composed of 

graphene and h-BN nanoribbons (Gr-BN) have attracted great 
attention both theoretically and experimentally [50–53]. On 
one hand, monolayer in-plane heterostructures consisting of 
graphene and h-BN have been synthesized [51, 54]. On the 
other hand, theoretical studies demonstrate that monolayer 
GNR-BNNR heterostructures exhibit new electronic and 
magnetic properties different from both the pristine graphene 
and h-BN sheet. This provides the possibility of tuning the 
spin transport of GNRs by constructing Gr-BN heterstructures 
[52, 55].

To date, many studies of thermally inducing spin transport 
and MR effect in graphene and graphene nanoribbons (GNRs) 
have been reported [29, 55–59]. However, there are still no 
investigations about thermal spin current in GNRs, since per-
fect GNRs are generally not suitable for thermally inducing 
spin current due to the spin degeneracy of electron transmis-
sion around the Fermi level. To break the spin degeneracy, it 
is desirable to introduce spin-dependent scattering that leads 
to opposite slopes in the transmission functions of different 
spin channels [27]. Motivated by the successful synthesis and 
the interesting spin properties of monolayer hybrid Gr-BN 
structures, in this work, we propose a lateral heterostructure 
constructed by connecting a zigzag hexagonal BNNR segment 
between two semi-infinite ferromagnetic ZGNRs (abbreviated 
as Gr/(BN)n/Gr,with n denoting the number of primitive cells 
of the BNNR). One possible way to fabricate this lateral struc-
ture is to mechanically cut the graphene/ h-BN hybrid mono-
layer with the tip of a scanning tunneling microscope, which 
has been demonstrated for the fabrication of GNRs out of gra-
phene [60]. We treat this heterostructure as a two-probe device, 
with the BNNR segment acting as the scattering region and the 
GNRs as the leads. The BNNR works as a potential barrier, 
thus the electrons incoming from one lead will be scattered 
before entering the other lead. Although the BNNR is non-
magnetic, it will provide spin-dependent scattering potentials 
when it lies in a spin polarized environ ment. By carrying out 
density functional theory (DFT) calcul ations combined with 
a non-equilibrium Green’s function (NEGF) technique, the 
thermal spin transport of Gr/(BN)n/Gr heterostructures under 
temperature gradient is studied and a spin-dependent Seebeck 
effect is obtained. Interestingly, the Seebeck thermopowers for 
the two spins have opposite signs and nearly equal magnitudes, 
which is promising for generating pure spin current thermally.

The rest of this paper is organized as follows: in section 2, 
we present our proposed system, computational details and 
the theoretical formalism. The numerical results of spin-polar-
ized transport are discussed in section 3. Finally, the paper is 
summarized in section 4.

2. Theory and method

The heterostructure is constructed by connecting a 8-BNNR 
between two 8-ZGNRs, where ‘8’ denotes the number of 
zigzag carbon or BN chains along the transport direction. For 
BNNRs and GNRs with dangling bonds, the edges are gen-
erally not stable and tend to be reconstructed, thus the dan-
gling bonds of h-BN and graphene nanoribbon edge atoms 
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are usually terminated by H atoms [61, 62]. The model is 
divided into three parts: left lead(L), right lead(R) and scat-
tering region(S), which is shown in figure 1. Due to the very 
small lattice mismatch and the similar lattice structure of gra-
phene (bond length: 1.42 Å) and h-BN (bond length: 1.46 Å), 
the lattice constant of h-BN ribbons is taken to be the same as 
the ZBNNRs (2.46 Å). Thus, for the case shown in figure 1 
with n  =  2, the actual size of the BN is 4.92 Å in length and 
15.6 Å in width. All calculations for electronic structure and 
quantum transport are performed by the first-principles soft-
ware package NanoDcal which is based on density functional 
theory (DFT) combined with nonequilibrium Green’s func-
tion (NEGF) method [63]. The generalized gradient approx-
imation (GGA) with Perdew–Burke–Ernzerhof (PBE) [64] is 
used for the exchange-correlation potential and a double zeta 
polarization basis set (DZP) is adopted for expanding the elec-
tron wave functions. The cutoff energy is set to 200 Ry and 
the mesh grid of the k-space of the leads is 1 × 1 × 100. The 
vacuum layer is set to 16 Å to eliminate interaction from the 
neighbors. The structure is fully relaxed by a conjugate gra-
dient method until the absolute value of force on each atom is 
less than 0.01 eV Å

−1
.

In the framework of Landauer-B üttiker formalism [65], 
the spin-dependent electric current is given by

Iσ =
e
h

∫
[ fL(ε, TL)− fR(ε, TR)]τσ(ε)dε (1)

where e is the electron charge and h is the Planck constant; fα 
is the Fermi distribution function of the α lead, and Tα is the 
temperature of the α lead; τσ(ε) is the spin-dependent trans-
mission coefficient, calculated by [66, 67]

τσ(ε) = Tr[ΓL(ε)Gr(ε)ΓR(ε)Ga(ε)]σ . (2)

Here, σ is spin index (σ =↑, ↓) and by default, in the study 
of systems with collinear spins, the direction of quantization 
axis is generally chosen as the z axis of the coordinate system 
used, which is perpendicular to the ribbon atomic plane in this 
work. Gr(Ga) is retarded (advanced) Green’s function, and are 
calculated by

Gr,a(ε) = [εS − H − (Σr,a
L − Σr,a

R )]−1 (3)

where S and H are the overlap matrix of the localized basis 
sets and the Hamiltonian matrix of the central region, Σr,a

σ  
describes the retarded and advanced self-energy of lead 
σ. ΓL/R = i(Σr

L/R − Σa
L/R) are the linewidth functions of the 

leads, describing the coupling between the leads and the cen-
tral region. The imbalance on the left and right lead due to 
a temperature difference ∆T = TL − TR may lead to spin-
dependent currents, even with opposite flow directions for dif-
ferent spins, which depends on the feature of spin polarized 
transmission spectrum.

3. Results and discussion

In this work, we only consider the FM state of ZGNRs parallel 
configuration (PC), which is achievable by applying a uniform 
magnetic field to the whole system. The temperature in the left 
lead and right lead are set as TL and TR, respectively, where 
TL > TR is supposed and the temperature difference between 
two leads is ∆T = TL − TR. In all numerical transport calcul-
ations, the direction of the spin carriers transport is along y 
axis and the positive direction is defined as  +y direction (that 
is, the direction from hot side to cold side).

Firstly we study the thermal spin-dependent currents Iσ 
as a function of ∆T  for various TL and as a function of TL 
for different ∆T  at n  =  2, as shown in figures 2(a) and (b). 
We find that the thermally induced current of both the spin-
up I↑ and spin-down I↓ increases almost linearly with the 
temperature. Meanwhile, I↑ and I↓ always flow in opposite 
direction under a temperature gradient, indicating there is 
spin-dependent Seebeck effect in the Gr/(BN)2/Gr junction. 

Figure 1. The structure Gr/(BN)n/Gr transport junction with 
n  =  2. It is divided into three parts: left lead (L), right lead (R) and 
scattering region (S). TL and TR are the temperature of the left and 
right lead, and temperature gradient ∆T = TL − TR. The arrow 
indicates the transport direction. Here, n  =  2 denotes that the h-BN 
part contains 2 unit cells, with length of 2.46 × 2 = 4.92 Å.

Figure 2. Spin-dependent currents Iσ(σ =↑, ↓) for channel length 
n  =  2 as a function of: (a) ∆T  for TL  =  200, 250 and 300 K; (b) TL 
for ∆T = 20, 40 and 60 K. (c) and (d): total charge currents Ic and 
spin currents Is obtained from (a) and (b), respectively.
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More interestingly, as shown in figures 2(c) and (d), the mag-
nitude of total charge current Ic (defined as Ic = I↑ + I↓) 
always nearly equals to zero while spin current (defined as 
Ic = I↑ − I↓) increases linearly with increasing TL or ∆T . It 
demonstrates that pure spin current is generated at various 
TL and ∆T . Thus, Gr/(BN)2/Gr heterostructure is a good and 
stable pure spin current generator.

To make clear the physical mechanism of the thermal 
spin current effect, we analyze the transmission spectra 
τσ(ε) of the Gr/(BN)2/Gr heterostructure (see figure  3(b)) 
and the difference in the Fermi distribution functions 
D(ε) = fL(TL)− fR(TR) of the two leads(see figures 3(c) and 
(d)) since these are the two factors determining the magnitude 
of current according to equation (2). The transport properties 
of the device are dominated by the electrons around EF, which 
can be seen from the D(ε) distribution so we mainly focus 
on transmission τ(ε) in the small energy region about 0.3 eV 
around the Fermi level. When ∆T = TL − TR is not zero, the 
factor D(ε) is also not zero and is an odd function of elec-
tron energy. It is seen that the magnitude of D(ε) increases 
versus ∆T  for a given TL from figure  3(c). In contrast, for 
a given ∆T , the magnitude of D(ε) decreases and its width 
increases versus TL. The net cur rent of each spin component 
can be divided into two contrib utions, one from the electrons 
with energy lower than the Fermi level ( Iσ(ε � EF)) and the 
other from electrons with energy higher than the Fermi level 
( Iσ(ε � EF)). From figures 3(c) and (d), Iσ(ε � EF) goes to 
right while Iσ(ε � EF) goes to left. Since D(ε) is an odd func-
tion of ε, the sign (direction) of the net spin-dependent current 
Iσ depends on the difference of the spin-dependent transmis-
sion spectra below and above the Fermi level. Figure  3(b) 
shows that spin-up transmission coefficient τ↑ decreases and 
the spin-down transmission coefficient τ↓ increases versus ε, 
thus I↑ is negative while I↓ is positive. Because of the trans-
mission spectra shows symmetric behaviors for two spins 
around Fermi level, the magnitude of I↑ and I↓ is nearly iden-
tical, and pure spin current is produced by a temperature gra-
dient in the device.

As a matter of fact, thermoelectric effect can be described 
by the Seebeck thermopower, which is defined by the voltage 
difference needed to neutralize the temperature induced cur-
rent divided by the temperature difference [68, 69], namely, 
Sσ = Uσ

∆T. The sign of Sσ determines the flow direction of elec-
tron under a temperature gradient, which is not necessarily 
from the hot side to the cold side, as expected from intuition. 
With some derivation, it is related to the transmission function 
τσ by the following relation at low temperature [25, 27, 68]:

Sσ(µ) = −kBπ
2T

3e

∂τσ(ε)
∂ε |ε=µ

τσ(µ)
. (4)

It clearly shows that it is linearly proportional to the slope 

of τσ, namely, ∂τσ(ε)∂ε . Thus, in order to get spin current in a 
system, we need to achieve transmission functions for the two 
spins with opposite slopes, namely, an ‘X’ shape around the 
Fermi level, which is exactly the case in our study.

In order to understand the decrease/increase of spin up/down 
channel around the Fermi level in the transmission function, the 

local density of states (LDOS) in the energy range [−2.0,+2.0] 
eV are studied and its average over the transverse directions is 
shown in figures 4(a) and (b). It indicates that, different from 
the pristine h-BN nanoribbon with a large band gap (∼5.9 eV), 
in the junction, the h-BN nanoribbon contributes finite density 
of states around the Fermi level, due to the strong hybridization 
with the graphene nanoribbons. The LDOS around the h-BN 
units is shown more clearly in figures 4(c) and (d). We see that 
at each y position, the LDOS of spin up channel decreases and 
that of spin down channel increases. The total density of states 
of the h-BN units is shown in figure 4(e), from which we see 
clearly a ‘X’ shape, which fully explains the ‘X’ shape in the 
transmission shown in figure 3(b).

In the following, the effect of h-BN nanoribbon length is 
studied. Figures 5(a) and (b) show the spin-dependent trans-
mission function with n  =  3 and n  =  1, respectively. We find 
that both spin-up and spin-down channels in the transmission 
spectra have opposite slope around the Fermi level for dif-
ferent lengths of BN nanoribbon. It implies that spin current 
can be obtained, which is confirmed by the nearly zero charge 
current and finite spin current shown in figures 5(c) and (d). 
Compared with n  =  2 case (figure 2(a)), the spin current in the 
n  =  3 case (figure 5(c)) is much smaller due to the increase in 
the BN length. It is natural to see the directions of spin current 
in these two cases are the same due to the similar feature of 
spin-dependent transmission function around the Fermi level. 
We can expect that the same conclusion will be obtained with 
the increase of BN length, except that the magnitude of the 
spin current will become smaller. In the n  =  1 case, we also 
observe spin current and the magnitude of the spin current 
is much larger. However, it is different from the n � 2 cases 
since the direction of the spin current is opposite, which arises 
from the feature of the transmission function around the Fermi 
level where the spin up channel increases while the the spin 
down channel decreases. The minimum appears at  −0.2 eV 
and 0.2 eV for spin up and spin down channels, respectively, 
different from the n � 2 cases.

Figure 3. (a) The band structure of FM graphene. (b) The spin 
polarized transmission function for Gr/(BN)2/Gr at n  =  2. (c) 
D(ε) = fL(TL)− fR(TR) as a function of energy E and finite 
T  =  300 K for various ∆T . (d) D(ε) as a function of energy ε and 
with finite temperature gradient ∆T = 40 K for various T.

J. Phys. D: Appl. Phys. 52 (2019) 015303



P Jiang et al

5

Now we briefly discuss the detection of spin current. 
Currently, the detection of a pure spin current is mostly indi-
rect, such as being achieved through the measurement of 
effects induced by the spin current such as inverse spin Hall 
effect [20, 70, 71], spin-current induced second-harmonic 
optical effects [72] and spin-torque driven magnetization pre-
cession [73, 74], etc. Recently, Li et el made a direct detec-
tion of spin current by x-ray magnetic circular dichroism 
[75]. These methods may give hints on how to exper imentally 
measure and detect the spin-imbalance and spin-current 
explored in this work.

Finally, another interesting feature in the transport proper-
ties is the two Fano-like resonance peaks in the transmission 
function around the Fermi level EF in all the studied cases, 
but more clearly in the n  =  3 case (figure 5(a)): one peak 
at  −0.31 eV in the spin-up channel and the other one at 0.29 eV 
in the spin-down channel. It is well known that Fano reso-
nance arises from the interaction of a static state and a propa-
gating state. From the band structure shown in figure 3(a), we 
see that at these two energy points, there are two states, with a 
finite group velocity for one and exactly a zero group velocity 
for the other, namely, the local minimum or maximum point in 
the corresponding band. Thus the interference between these 
two states gives rise to the Fano resonance.

4. Summary

In summary, we have studied the thermal spin transport in Gr/
(BN)n/Gr heterostructure. It is found that the flow directions of 
I↑ and I↓ are opposite and the magnitudes of the spin-up and 
spin-down current are nearly identical for all the n  =  1, 2 and 
3 cases. This indicates that nearly pure spin current can always 
be generated at different TL and ∆T . These findings demon-
strate that insertion of BN segment is a very efficient way 
for generating spin current in graphene nanoribbons using a 
temperature gradient and the Gr/BN/Gr heterostructures have 
potential application in the future spin caloritronics.
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