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Hydrogenated carbon nanotube-based spin
caloritronics†

Hong-Li Zeng,ab Yan-Dong Guo, *bc Xiao-Hong Yan*abcd and Jie Zhoubc

Spin caloritronics has drawn much attention as it combines thermoelectrics and spintronics together.

Carbon-based structures, such as graphene, have been found to exhibit different kinds of spin

caloritronic features. However, a study of spin caloritronics in carbon nanotubes (CNTs) is still lacking.

Using first-principles calculations, we investigate the spin-Seebeck effect (SSE) in partially hydrogenated

CNTs. It is found that linear hydrogenation could make CNTs acquire magnetism and exhibit the spin-

Seebeck effect. Moreover, an odd–even effect of the SSE is observed, where the even cases could be

used as spin-Seebeck diodes. Further analysis shows that, it is induced by the difference of band

structures, where the band structure of a tube is a combination of that of graphene-nanoribbon parts

‘‘divided’’ by hydrogenation. This mechanism could be extended to nanotubes with different diameters,

showing great application potential. We believe that our results are very useful for the development of

nanotube-based spin caloritronic devices.

Introduction

To reduce the dimensions and energy consumption, as well as
to increase the operating speed, there is considerable interest
in utilizing the waste energy, e.g., dissipating heat, in electronic
devices.1–3 On the other hand, spintronics shows great applica-
tion potential in nanoelectronic devices due to the low energy
consumption and high speed.4–6 Recently, an emerging field
called spin caloritronics has drawn much attention, as it
combines thermoelectrics and spintronics together.7 A big
breakthrough in spin caloritronics is the discovery of the
spin-Seebeck effect (SSE) in experiments,8 where a temperature
gradient could be used to generate spin currents without
applying an electrical bias. The currents with opposite spins
(up and down) would flow in opposite directions.9–11 Related
devices for practical application have also been proposed, such
as spin-Seebeck diodes.12–14 These developments pave the way
for applying thermal-induced spin current in transferring and
processing information.

Carbon-based materials, such as magnetic fullerene deriva-
tives, are considered to be one of the most promising candidates

for future spin-related devices.15,16 Among them, graphene has
been found to exhibit different kinds of spin caloritronics-
related phenomena.11,17–22 Carbon nanotubes (CNTs), formed
by rolling graphene sheets, have also been extensively investi-
gated in thermoelectrics and show various features.3 However,
as far as we know, they are all spin independent, not taking
advantage of spintronics.3,23–25 The study of spin dependent-
thermoelectrics, i.e., spin caloritronics, in CNTs is still lacking.
Actually, the key problem lies in the absence of a magnetic
moment in CNTs, whereas the edges in graphene nanoribbons
(GNRs) could induce magnetism. Recently, it was reported that
partial hydrogenation could create magnetism in carbon-based
structures.26,27 Inspired by that, we constructed partially hydro-
genated carbon nanotubes (PHCNTs) and found that they exhibit
interesting electronic and SSE properties.

In this work, we focus on the ferromagnetic (FM) state of
PHCNTs (as the FM state can be stabilized by a magnetic field28,29)
and study their magnetism, as well as the SSE. Besides the normal
SSE behavior, an odd–even effect of the SSE is discovered, where
the even cases could be used as spin-Seebeck diodes. Further
analysis shows that, it is the difference in band structures due to
the edge of the GNR parts that results in the odd–even effect. It
should be noted that our PHCNT structure involves carbon and
hydrogen atoms only. This will be quite conducive to the device
application, as the structures are chemically inert, compatible
with carbon components, and easy to fabricate. In addition,
the SSE and spin-Seebeck diodes are realized and manipulated
without the need for an electric field or gate voltage, and could
be extended to nanotubes with different diameters, showing
great application potential.
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Methodology

To investigate the transport properties, density functional theory
(DFT) calculations combined with the nonequilibrium Green’s
function (NEGF) are performed using the Atomistix Toolkit
package.30,31 To simulate the electronic properties of different
spin channels, spin-polarized calculations are performed. The
mesh cutoff energy is set to be 150 Ry, with a 1 � 1 � 100 k-point
mesh in the Monkhorst–Park scheme for two-probe systems.32

For bulk systems (not two-probe ones), the k-point mesh is
1 � 1 � 13. The convergence tolerance for energy in self-
consistent field calculations is 4 � 10�5 Hartree. We use Perdew–
Burke–Ernzerhof (PBE) formulation of the generalized gradient
approximation (GGA) as the exchange–correlation functional.33

The double-zeta polarized basis set (DZP) is chosen to be the local
numerical orbitals. In the calculations, the core electrons (like 1s2

in carbon), as well as their interactions with valence electrons, are
described by the Fritz-Haber-Institute norm-conserving pseudo-
potentials. The eigenfunctions of the Kohn–Sham Hamiltonian
are expanded in a linear combination of atomic orbitals (LCAO).
In a two-probe system, the whole device can be divided into three
parts, i.e., the left and right leads, and the scattering region. The left/
right lead is semi-infinite. To prevent the interaction with adjacent
images, a supercell with sufficient vacuum space (more than
10 Å) is employed. Before transport calculations, hydrogenated
nanotubes are fully optimized until all the forces are less than
0.02 eV Å�1. In the NEGF scheme, the spin-dependent transmis-
sion probability through the two-probe system is calculated by

Tm/k(E) = Tr[GL(E)GR
m/k(E)GR(E)GA

m/k(E)], (1)

where GA/R
m/k(E) is the spin-dependent advanced or retarded

Green’s function for the scattering region (E represents energy)
and GL/R is the coupling matrix between this region and the left/
right electrode. For instance, Tm(E) stands for the probability
that an up-spin electron with energy E is transmitted from one
electrode to another (it will become a ratio for many electrons).
The spin-dependent current is obtained through the Landauer–
Büttiker formula

I"=# ¼
e

h

ð1
�1

fL E;TLð Þ � fR E;TRð Þ½ �T"=#ðEÞdE; (2)

where fL/R(E,TL/R) is the Fermi function in the left/right electrode
and TL/R represents the temperature of the left/right electrode.
Moreover, e is the elementary charge and h is the Planck
constant. As an example, Im stands for the current contributed
solely by the flow of up-spin electrons.

Results and discussion

Since the discovery of the SSE, numerous studies have been
conducted on it. Besides graphene, the SSE has been found and
studied in a wide range of materials and structures, e.g., silicene,
monolayer MoS2 and blue phosphorene.34–36 However, as far as
we know, there is no report on the SSE in carbon nanotubes.
The key reason is that there is no magnetism in CNTs. As is well
known, there is also no magnetic moment in the pristine graphene.

After cutting, GNRs acquire magnetism due to the edge states, and
it makes GNRs exhibit various spin caloritronics features.11,18–22

A carbon nanotube is constructed by rolling up graphene, but it
has no edge (and no corresponding magnetism). Creating
magnetism is the first step to study the SSE in CNTs. Recently,
it was reported that, hydrogenation in CNTs could create edge-
states like that in graphene, without the need for unzipping of
the CNT.27 Moreover, linear hydrogenation in CNTs is proved to
be realizable experimentally.27,37 Based on this, we constructed
eight kinds of PHCNT devices based on (5,5) nanotubes, and
the cross sections of them are shown in Fig. 1(a)–(h) respec-
tively. For simplicity sake, we use HxNy to denote a PHCNT
which has x lines of adsorbed H atoms with y lines of C atoms
in the interval of H-lines. For example, H2N3 represents the
PHCNT structure shown in Fig. 1(e), which has two H-lines with
three C-lines in the interval. The whole setup of the two-
probe device is shown in Fig. 1(i). It can be divided into three
parts, i.e., the left and right leads and the central region.

Fig. 1 (a–h) The cross-sectional views of two-probe systems of H1N0,
H2N0, H2N1, H2N2, H2N3, H2N4, H2N5 and H10N1, respectively. As an
example, H2N3 in (e) stands for the case that two hydrogen atoms per unit
cell absorb on the (5,5) nanotube with a three-carbon-atom spacing,
forming two infinite straight lines of H atoms along the axis of the tube.
(i) The setup of the partially hydrogenated carbon nanotube-based thermal
spin device. TL and TR represent the temperatures of the left and right leads
respectively. And TLR represents the difference between them, i.e., TL � TR.
(j) The illustration of the linear hydrogenation of a single H-line. A zigzag
and a bearded edge are created on each side of the H-line.

Paper PCCP



This journal is© the Owner Societies 2017 Phys. Chem. Chem. Phys., 2017, 19, 21507--21513 | 21509

The temperatures of the left and right leads are TL/TR respectively,
and their difference is TLR = TL � TR.

After hydrogen adsorption, the nanotube would no longer be
round as the axisymmetry is broken. For instance, by single
H-line hydrogenation, the H1N0 configuration in Fig. 1(a) exhibits
a pear-like shape. This single H-line divides the p-bond lattices
into ‘‘two parts’’, creating a zigzag and a bearded (Klein) p-edge on
each side of the H-line,37 as shown in Fig. 1(j). Like graphene,
nanotubes are constructed by benzenoid aromatic rings. We find
that linear hydrogenation successfully makes our CNTs acquire
magnetism on the H-dividing edges. Calculations show that the
ground state of each PHCNT is either FM or antiferromagnetic
(AFM), but not nonmagnetic. Although FM is not the ground
state for every configuration, it can be stabilized by an external
magnetic field.28,29,38 Thus, the FM state is realizable in practice.
Besides, the anisotropy effect could assist in preserving the spin
ordering state at finite temperature.38–41 So, in a realistic situa-
tion, good viability of ferromagnetic state can be expected. In the
present work, we focus on the FM state (the energetically favorable
state) of the PHCNT (the discussion on the viability of FM in detail
can be found in the ESI†). To observe the magnetism more clearly,
we calculate the spin charge density magnetization (SCDM,
i.e., spin-up charge density minus spin-down charge density).
The inset in Fig. 2(a) shows the isovalue surfaces of SCDM for
H1N0. The isovalue surface exhibits spherical geometries
around atoms. A large size of it suggests large magnetization
and a small size indicates small magnetization.

According to eqn (2), we calculate the spin-dependent
currents versus TL with various TLR for H1N0, as shown in
Fig. 2(a). For all the values of TLR, there is no spin-up or spin-
down current when TL is smaller than 200 K. That means in this
range of TL, there is no thermal-induced spin current, no matter
how much the temperature difference (TLR) is. Apparently, there
is a threshold temperature Tth at about 200 K for both spin-up
and spin-down currents. When TL is larger than 200 K, both
spin-up and spin-down currents grow larger with increasing TL.
But they split with opposite signs, i.e., the spin-up currents are
positive and the spin-down currents are negative. This means
they flow in opposite directions in the nanotube. That is actually
the SSE.8 Moreover, the spin-up or spin-down current grows
larger with the increase of TLR (see Fig. 2(a)). For instance, the
currents of TLR = 20, 40 and 60 K for TL = 400 K are 11.8, 21.8 and
30.0 nA, respectively. Compared with that in GNRs,19 the spin-
Seebeck currents in our nanotube system are much larger,
implicating better application potential. Note that, in practical
application, temperature is quite important. Here, in our calcu-
lations, the TL increases to 600 K. It has been reported that spin
injection, accumulation and precession in Si-based structures
are realized at temperatures up to 500 K. In addition, for carbon
systems, both theoretical and experimental studies show that
magnetism with high Curie temperature, above room tempera-
ture (even larger than 500 K), is possible.42–46

To illustrate the underlying mechanism of the phenomenon,
we plot the Fermi distributions of the left and right leads in
Fig. 3(a) and (b) respectively, which are determined by the
temperatures of the leads. In the SSE, the spin-current is closely

related to the difference of Fermi distributions between the two
leads, i.e., fL(E,TL) � fR(E,TR). To see it more clearly, we plot this
difference for the case of TL = 400 K and TLR = 60 K (as an
example), as shown in Fig. 3(c). Due to such a difference, the
higher-energy carriers (blue ones above EF) would flow from
the left lead to the right lead, contributing to an electron
current Ie.19 On the other hand, the lower-energy carriers
(orange ones below EF) would flow in the opposite direction,
contributing to a hole current Ih. According to eqn (2), if the
transmission is energy independent for each spin, the Ie and Ih

currents will be equal (resulting in a zero net current) and
no SSE will appear. However, for H1N0, the spin-dependent
transmission is energy dependent, as shown in Fig. 3(d). For
spin-down, the transmission is zero when E o 0.15 eV, and non-
zero for E 4 0.15 eV. In contrast, for spin-up, the transmission is
zero when E 4�0.13 eV, and non-zero for E o�0.13 eV. Around
the Fermi level, there is a transmission gap. Actually, these

Fig. 2 The spin dependent currents versus TL for different TLR

(TLR = TL � TR = 20, 40 and 60 K). The directions of the spin-up and
spin-down currents are opposite, which is actually the SSE. Panels (a–h)
correspond to the systems of H1N0, H2N0, H2N1, H2N2, H2N3, H2N4,
H2N5 and H10N1, respectively. The inset in each figure shows the corres-
ponding configurations and their isovalue surfaces of the spin charge
density magnetization (i.e., spin-up charge density minus spin-down charge
density) under ferromagnetic state. Red (dark) and blue (light) represent
spin-up polarized (positive value) and spin-down polarized (negative value),
respectively, with the isovalue of 0.01 e Å�3. The isovalue surface exhibits
spherical geometries around atoms. A large size of it suggests large
magnetization and a small size indicates small magnetization.
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transmission features result from the band structure of the
H1N0 tube, as shown in Fig. 4(a). It is the valence orbitals of all
the carbon and hydrogen atoms in the unit cell of the tube
(shown in ESI†) that are used to construct the band structure.
From the figure, one finds that there are two bands around EF

(one for spin-up and one for spin-down), and they reside
discretely on both sides of EF. Obviously, it is these spin-up and
spin-down bands that contribute to the corresponding spin-up
and spin-down transmissions respectively, as shown in Fig. 3(d).
The difference of Fermi distributions, fL(E,TL) � fR(E,TR), mainly
distributes in a small energy region around EF, i.e., [�0.3, 0.3] eV,
as shown in Fig. 3(c). In this energy region, the transmission of
spin-up electrons distributes only above EF. According to eqn (2),
there will be a net spin-up current from the right to the left
leads, i.e., Ie. Similarly, a net spin-down current will flow in
the opposite direction, i.e., Ih. As a result, this leads to the
emergence of the SSE.

In H1N0, the single H-line plays the role of a knife, cutting the
tube into a curved graphene nanoribbon with two different types of
edges, i.e., zigzag and bearded ones. Previous studies show that
more H-lines of linear hydrogenation in CNTs are realizable,27,37

which may induce interesting electronic behaviors. So, it is necessary
to investigate the tubes with more H-lines. In the present work, we
mainly focus on the cases with two H-lines.

We constructed six two-H-line tubes, i.e., H2Ny (y = 0–5), as
shown in Fig. 1(b)–(g) respectively. From H2N0 to H2N5, the
interval of the two H-lines becomes larger and larger. The corres-
ponding spin-dependent currents are plotted in Fig. 2(b)–(g)
respectively. One finds that all these systems exhibit the SSE.
However, the variation trends of the spin current are quite
different. They can be divided into two categories. One category
is like the H1N0 tube, in which spin-up and spin-down currents
increase simultaneously as TL increases when TL 4 Tth (the flow

directions of spin-up and spin-down currents are opposite). The
currents exhibit a divergent form. As shown in the left panel of
Fig. 2, H2N1, H2N3 and H2N5 (y in H2Ny is odd) belong to this
category. The threshold temperature Tth of them is almost
unchanged. We calculated the transmission spectra for all these
cases (not shown), and found that they are all quite similar to
that of H1N0. Thus, the interpretations of the currents for the
configurations in this category are the same.

For another category (H2N0, H2N2 and H2N4, where y in
H2Ny is even), when TL 4 Tth, only one spin component of the
currents increases and the other one remains almost zero as TL

increases. Taking H2N0 in Fig. 2(b) as an example, only the
spin-up current increases when TL 4 300 K, and the spin-down
current remains almost unchanged no matter how large the TLR

is. Only when TL 4 500 K the spin-down current (the absolute
value) goes up but quite slowly. If we confine the working
temperature to an upper limit of 500 K, such a system could be
operated as a spin-Seebeck diode.

Fig. 3 The Fermi distributions of the left (a) and right (b) leads, where
TL = 400 K and TR = 340 K. (c) The difference of the Fermi distributions
between the left and right leads, i.e., fL (T = 400 K)� fR (T = 340 K). (d–f) The
spin dependent transmission spectra for H1N0, H2N0 and H10N1 systems
respectively, where TL = 400 K and TR = 340 K (TLR = 60 K). Solid blue line:
spin-up; dashed red line: spin-down.

Fig. 4 The spin-dependent band structures for the systems of H1N0,
H2N0, H2N1, H2N2, H2N3, H2N4, H2N5 and H10N1, respectively. Solid
blue line: spin-up; dashed red line: spin-down. For each configuration, the
valence orbitals of all the carbon and hydrogen atoms in the unit cell of the
tube are used to construct the band structure. And the unit cells of those
configurations are plotted in ESI.†
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Apparently, an odd–even effect of the SSE emerges in such
PHCNT systems. And it is interesting to figure out the under-
lying physical mechanism. In Fig. 4, we plot the band structures
for the configurations mentioned above. Obviously, they can
also be divided into two categories according to the parity of y
in H2Ny. For H2Ny tubes with odd y, i.e., H2N1, H2N3 and
H2N5, the band structures show semi-conducting behaviors,
and there are two or four (almost) flat bands residing discretely
on both sides of EF with opposite spins, like that of H1N0.
However, for the tubes in another category (H2N0, H2N2 and
H2N4), they are all metallic, and there are two bands possessing
opposite spins across EF. Comparing Fig. 2 and 4, one easily
finds that there is a one-to-one correspondence between the
currents and the band structures, where the metallic band
structure corresponds to diode-like current and the semi-
conducting band structure corresponds to divergent current.

For the latter category, we take H2N0 as an example and plot
its transmission spectra in Fig. 3(e). For each spin component,
there is one band across the Fermi level (Fig. 4(b)), so the
transmission coefficient is 1.0 around EF (the transmission chan-
nel is 100% opened). The difference of the transmission between
spin-up and spin-down is actually located around E = 0.4 and
�0.4 eV, as two bands meet in these energy regions for the
spin-up or spin-down component (Fig. 4(b)). Two transmission
peaks reside discretely on both sides of EF with opposite spins,
like the H1N0 case. But the peaks of H2N0 are farther away
from the Fermi level than that of H1N0 (see Fig. 3(d) and (e)).

As mentioned above, it is the transmission difference
between spin-up and spin-down that leads to the SSE, and
the product of [ fL(E,TL) � fR(E,TR)]Tm/k plays an important role.
However, fL(E,TL)� fR(E,TR) mainly distributes in a small energy
region around EF, as shown in Fig. 3(c). Thus, the farther the
transmission peaks are away from EF, the smaller the product
becomes. For H2N0, the spin-up transmission peak is closer to
EF than the spin-down one (Fig. 3(e)). It is easy to understand
that the spin-up current is much larger than that of spin-down
in Fig. 2(b), which is nearly zero. For H2N2 and H2N4 tubes, we
also perform similar analyses and arrive at the same conclu-
sion, i.e., it is the asymmetry of the peaks relative to EF for
different spins that results in the diode effect.

The band structure is the key to the odd–even effect of the
SSE. So it is necessary to figure out the origin of the band
structures. Compared with the band structures of GNRs, one
easily finds that those of H2N0, H2N2 and H2N4 are similar to
that of GNRs in ferromagnetic (FM) state, especially for the
bands around EF. From a structural point of view, the tube
could be seen as being divided into curved GNR parts by H-
lines. It is necessary to explore whether the band structure of
the tube is related to that of the GNR parts. We take H2N4 and
H2N5 as examples respectively to study the two categories.
Fig. 5 shows the band structures, as well as the isovalue surfaces
of the spin charge density magnetization of them, for both tubes
and GNR parts. The GNR structures have been saturated by
hydrogen atoms at the ‘‘incision’’. The geometries after being
cut have not been optimized, and this is only for the purpose of
analysis (they may not be stable).

Comparing Fig. 5(a)–(c), it is clear that the band structure of
the tube (Fig. 5(d)) is actually a combination of that of the two
GNR parts (Fig. 5(e) and (f)). Note that the GNRs in Fig. 5(e) and
(f) are obtained by cutting the tube in Fig. 5(d), and the GNRs in
Fig. 5(k) and (l) are obtained by cutting the tube in Fig. 5(j). For
H2N5, the same conclusion can be drawn (see Fig. 5(g)–(i)). As
mentioned above, the ‘‘dividing’’ of a single H-line on a tube
would create a zigzag and a bearded edge. According to the two
edges of a ribbon, there will be three kinds of curved GNR parts,
i.e., zigzag–zigzag, zigzag–bearded and bearded–bearded. The
GNR part in Fig. 5(f) is a zigzag–zigzag one. There are magnetic
moments on both edges of it, like the zigzag GNR in FM state.47

More importantly, it has quite a similar band structure (Fig. 5(c))
to isolated zigzag GNRs. For zigzag–bearded GNR parts in Fig. 5(h)
and (i), although their width and degree of crimp are quite
different, they exhibit almost the same electronic behaviors,
i.e., magnetism on edges and specific band structures (two
bands reside discretely on both sides of EF with opposite spins).
Like H2N4, the band structure of the H2N5 tube is a combi-
nation of that of the two GNR parts (see Fig. 5(g)–(i)). That
means the GNR parts have little influence on the electronic
structure of each other in the tube, i.e., the H-line almost cuts
off the interaction between them.

As mentioned above, the diode effect is induced by the
asymmetry of transmission peaks relative to EF for different
spins. And these peaks are contributed by the metallic bands,
which actually come from zigzag–zigzag GNRs. So obtaining
zigzag–zigzag GNRs by hydrogenation is the key to realize
the spin-Seebeck diode. According to our denotation and

Fig. 5 (a) The spin-dependent band structures of the H2N4 system. (b and c)
The spin-dependent band structures for the upper and lower parts of the
H2N4 system, respectively, which could be seen as being cut off from the
H2N4 tube. The structures in (b) and (c) have been saturated with hydrogen
atoms for the carbon atoms at the ‘‘incision’’. The geometries after being cut
have not been optimized, and this is only for the purpose of analysis (they may
not be stable). (d–f) The corresponding configurations and their isovalue
surfaces of the spin charge density magnetization for (a–c), respectively.
(g–l) For the H2N5 system, similar to the H2N4 case in (a–f).
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hydrogenating method, it is easy to understand that only when
y in H2Ny is even (or zero), will there be zigzag GNR parts
(divided by H-lines). This is the reason why only the configura-
tions of H2N0, H2N2 and H2N4 exhibit the diode effect. And it
could be considered as an odd–even effect of the SSE.

Furthermore, it is also possible to realize the SSE in a tube
with more H-lines. As a demonstration, we construct a H10N1
tube which possesses ten H-lines. The geometry, spin-Seebeck
current, transmission spectra and band structure of it are
shown in Fig. 1(h), 2(h), 3(f) and 4(h) respectively. According
to the positions of the H-lines, H10N1 belongs to the category
which contains H2N1. And the results in these figures confirm
our conclusion, e.g., divergent spin-Seebeck current like that of
H1N0. It should be noted that, compared with H2N1, more
GNRs in H10N1 contribute to more flat bands around EF and
consequently result in more transmission channels and a larger
transmission coefficient.

Therefore, the electronic features of an HxNy tube actually
come from its GNR parts. The electronic behavior of a GNR
mainly depends on the edges of it, robust to the width and
degree of crimp. Thus it is easy to conclude that the nanotubes
with other diameters are also suitable for such an application,
and the odd–even SSE effect could also be expected in them (we
have checked the (3,3) tubes and arrived at the same conclusion
as with the (5,5) cases, see ESI† for details). Moreover, a variety
of combinations of (maybe more than two) H-lines can be
constructed, to realize more complicated applications. This
provides us a feasible way to manipulate the SSE, and also to
take advantage of the odd–even effect.

Conclusions

In summary, we studied the SSE in partially hydrogenated
carbon nanotubes through first-principles calculations. It is
found that linear hydrogenation in the CNT could make it
acquire magnetism and exhibit an SSE. Moreover, an odd–even
effect of the SSE is discovered, where the odd ones exhibit
normal SSE behaviors and the even cases could be used as spin-
Seebeck diodes. Further analysis shows that, the band structure
of a tube is a combination of that of the GNR parts, which are
divided by H-lines and the electronic behaviors of them depend
on the edge type. It is the difference of band structures that
results in the odd–even effect. More importantly, the mechanism
could be extended to nanotubes with different diameters,
showing great application potential. From a structural point
of view, our PHCNT structure consists of only carbon and
hydrogen atoms, which will be beneficial for device fabrication.
The SSE and spin-Seebeck diode in our systems are realized and
manipulated without the need for an electric field or gate
voltage. We believe that our results would be helpful for
developing nanotube-based spin caloritronics.
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