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The spin-Seebeck effect (SSE) has been regarded as one of core topics in spin caloritronics. To

realize the SSE together with high spin thermoelectric conversion efficiency (TCE), two nanoscale
structures referred to as nanoribbons and nanotubes have long been regarded as potential can-
didates. To illustrate their advantages to the above end, we construct magnetic boron-nitrogen
nanoribbons (BNNRs) and nanotubes (BNNTSs) by substituting some B atoms with carbon, and
the BNNTs can be rolled from the BNNRs. To unify the magnetism origins, the edge magnetisms
in BNNRs are cancelled by hydrogen passivation. Our theoretical results show that although these
two different structures display similar spin semiconducting states, the BNNRs have lower lattice
thermal conductance due to the phonon scattering in edges, contributing to the enhancement of
spin figure of merit; while the BNNTs can generate better SSE and larger spin thermopower, due
to the rotational symmetry. Moreover, we remove the hydrogen passivation from the BNNRs to
construct another typical class of magnetic BNNRSs, the electronic state in which is changed to
the magnetic metallic one, which suppresses the spin thermopower and the SSE largely. The
systemic and comparative studies help us to choose feasible routes to improve and design the
SSE with high spin figure of merit in nanoscale structures, and give us deep understandings into
the device applications of spin caloritronics based on the nanoribbon and nanotube materials.
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1 Introduction

The spin Seebeck effect (SSE), as one of core topics in spin
caloritronics, refers to the generation of spin voltage by a temper-
ature gradient without any electronic bias in the ferromagnetic in-
sulators or devices.1"2 In recent decades, this thermo-spin effect
has inspired tremendous research attentions, because it brings us

dependent transport channels in materials. This requires some
feasible means, such as magnetic-atom doping,24727 diverse de-
fects, 28 function adsorbing?? and edge reconstruction,2%31 to
modify the magnetic structures of nanoribbons and nanotubes.
Moreover, to realize the SSE together with high spin figure of
merit or the spin TCE, an urgent need is suggested to demonstrate
the perspective advantages and disadvantages of the nanoribbons
and the nanotubes constructed on the same quantum materials
possessing the same magnetic origins.

a new energy-efficient conversion technology.©Z It is well estab-
lished that the SSE can be occurred on the basis of either the spin-
wave spin current or the conduction-electron spin current®L, In
the latter case, the spin currents are generated by the thermal
electrons with opposite flow directions in the different transport
channels with opposite spin directions.22"1® With the recent de-
velopment of nanotechnologies, we have found that the quantum
materials with the structures of nanoribbons or nanotubes pos-

We well know that hexagonal boron nitride (h-BN) is an sp?-
bonded layered van der Waals material with a structure similar
to graphite.22 The h-BN in monolayer form, similar to graphene,
is semiconducting with wide and direct band gap of 5.9 eV,=3
and shows excellent chemical and thermal stability. Due to the
novel electronic structures, this material has promising applica-
tions in photoluminescence, integrated circuits, lithium ion bat-
teries, spintronics and vallytronics.247 In this work, we con-
struct the single-layer BN nanoribbons (BNNRs) and the single-
walled BN nanotubes (BNNTs), which are prominent quasi-one-
dimensional BN structures defined geometrically as thin strips of
BN and cylindrical tubes, respectively. These two structures are

sess large thermoelectric conversion efficiency (TCE), 1718l que to
the outstanding quantum confinement effect. 1223 To drive these
structures to generate the SSE, a key condition is to obtain spin-
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intimately related, since BNNRs can be regarded as (or produced
from) unrolled BNNTs. Moreover, the reduced dimensionality and
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screening of narrow BNNRs and small radius BNNTs may lead to
high TCE.B889 To unify the magnetism origins, equal number of
B atoms in every unit cell in both structures are substituted by
carbon atoms to produce spin polarization. Meanwhile, to cancel
the influence o f the e dge m agnetism in the BNNRs, b oth edges
in them are passivated by hydrogen atoms. Through calculat-
ing thermally driven spin currents, spin (charge) thermopowers,
spin-dependence conductances, electric (phonon) thermal con-
ductance, charge (spin) figure of merit and other thermoelectric
parameters, we illustrate the respective advantages and disadvan-
tages of the magnetic BNNTs and BNNRs towards the thermospin
device applications in detail. The symmetric and comparative
studies uncover that the rotational symmetry in nanotubes con-
tributes to the SSE with the symmetrical spin currents, while the
phonon scattering in the boundaries of nanoribbons decreases the
phonon thermal conductance. These typical characters in struc-
ture influences their thermospin effects and the spin TCE largely.
Additionally, we remove the hydrogen passivation from the BN-
NRs to construct another kind of BNNRs, and find some practical
rules of the SSE in these two different nanoribbons. These the-
oretical results on the SSE enrich the field o f s pin caloritronics
in the low-dimensional systems, and give us deep understandings
into the nanoribbons and the nanotubes in the thermal spin de-
vice applications.

The remainder of this paper is organized as follows. In the Sec-
tion 2, we design the BNNTs and two kinds of the BNNRs, and
introduce the theoretical methods to calculate the thermal spin
currents and various spin-dependent thermoelectric parameters.
In the Section 3, we present the numerical results and discussion.
Finally, some conclusions and summaries are given in the last sec-

tion.

2 Device designs and theoretical method

We first c onstruct t hree t hermal s pin d evices b ased o n a mag-
netic BNNT and two kinds of magnetic BNNRs. The BNNT is con-
structed based on the armchair (5,5)-BNNT as shown in Fig. 1(a),
and the two BNNRs are structured on the zigzag BNNR-H and
the zigzag BNNR, respectively, as drawn in Fig. 1(b) and 1(c).
To produce the magnetism, some of B atoms in the three struc-
tures are substituted by carbon. Note that the boron substituted
BNNTs have already been fabricated successfully in experiments.
For example, Wei et al. prepared the carbon-substituted BNNTs
by using electron-beam-induced doping strategy and confirmed
that this class of nanotubes can exist stably even at room temper-
ature.®¥ In addition, the utilization of noncovalent interactions
between dipolar molecules is also an effective route to introduce
magnetism in these two nanostructures in experiment.#L42
To get comparable results, the three structures have the same
numbers of B, N and C atoms in their unit cells. To avoid the in-
teractions between carbon atoms in the repeated units, the every
unit cell containing 40 atoms in the BNNT and the BNNR with-
out any hydrogen passivation. The schematic structures of the
thermal spin devices constructed by three parts, i.e., the central
scattering regions with four repeated units, semi-infinite sources
and drains as illustrated in Fig. 1. The number index in the right
of Fig. 1(b) and 1(c) denotes the atom numbers along the y di-
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Fig. 1 (a)-(c) The schematic structures of thermal spin devices based
on the carbon-substituting (5,5) amchair BNNT, 10-zBNNR-H and 10-
zBNNR, respectively. Where the unit cells of the nanotube and the nanor-
ribons have the same numbers of the boron and nitrogen atoms. The red
sphere stands for the lattice positions of the boron atoms substituted by
carbon. The transport direction is defined as the z direction and the x
axis is perpendicular to the plane, 7;, and Tr denote the temperatures in
the sources and the drains, and the temperature gradient between two
contacts is defined as AT (=T, — Tz > 0).

rection. Note that the y direction is perpendicular to the nanorib-
bons and the z direction is along the transport direction. 7; and
Tr denote the device temperature in the source and the drain, re-
spectively, and the spin-dependent currents can be produced by
the temperature gradient AT (= T — Tg) between them without
any external bias or back voltage.

The first-principle calculations on structural relaxation and
band structures are performed in the frame of density function
theory (DFT) with the spin generalized gradient approximation
(SGGA) and Perdew-Burke-Ernzerhof (PBE) exchange correlation
functional implemented in Atomistix ToolKit (ATK) Package. 43144
The core electrons are described by norm-conserving pseudopo-
tentials with the double numerical plus polarization (DNP) ba-
sis set. The cutoff energy is set as 75 Ry. Maximum force tol-
erance on each atom is 0.02 eV/A and a 1 x 5 x 5 Monkhorst-
Pack k-point grid is adopted to the convergence of optimiza-
tion. The spin-resolved transport spectra are calculated by us-
ing DFT together with non-equilibrium Green’s function (NEGF)
method®316 while the Double-Zeta-Polarized (DZP) and a 1 x
1 x 100 Monkhors-Pack k-point grid are taken to obtain accurate
results.47

Then the thermal spin-dependent currents (/5) through the de-
vice can be obtained by Landauer-Biittiker formalism=1©

+oo
e
Is = —

hJ - fR(EvTR)]dEv (1)

T (E)[fL(E,TL) —
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where e is the electronic charge, h is the Plank constant, and
the equilibrium Fermi-Dirac distribution of the left (right) con-
tact at temperature Ty g, is given by the equation fy ) (E, Ty (r)) =
[1 4+ exp(E — ppr)) /kBTL(R)]*l. Hrr) is the chemical potential
in the left (right) contact. The spin-resolved transmission co-
efficients of the devices can be calculated by using the non-
equilibrium Green’s function (NEGF) in the linear-resonance
regime as T5(E) = Tr[[LG&(E)TrG4(E)], where I'y /g = i[Z; /g —
ZE/R] indicates the interaction between a central scattering area

and the left/right contact, whose self-energy is X . GI;/ A (E)
represents the retarded (advanced) spin Green’s function of the
central region, GR (E) = [H? — (E+in) + X, +Zg]~! and GA(E) =
[GS(E)]T, here HZ is the Hamiltonian in the central scattering
region. Note that the temperature gradient AT produces the non-
equilibrium Fermi-Dirac distributions in the source and drain to
drive the thermal spin currents.

In the linear response regime, if AT approaches zero, we get
T =T, ~Tg and u = y; ~ ug in the above thermal spin de-
vices. Then, spin-dependent thermopower (Ss), spin-dependent
thermal conductance (k) and spin-dependent electronic conduc-
tance (G4) can be calculated by}

So(u.T) = —}Tﬁi;% @
ko (.T) = 1 [Koa(1,T) - M1 ®
Go = %Kmo, 4
where, K5 (1, T) is given by
Koalw) =~ [ —uy P ELD g pyap s)

In addition, the phonon thermal conductance (k,;) can be ob-
tained by the Landauer-type formula as shown in the following“®

2 - ) 0 /ksT
ko = 37 /0 400’1 (0) sl ©

here, the phonon transmission function 7,,(®) can be obtained
by using DFT combined with the NEGF approach.

Finally, the figure of merit (ZT) to describe the TCE of the
above-mentioned magnetic BNNT and BNNRs includes two terms,
i.e., the charge figure of merit (Z,,7) and spin figure of merit
(Zy,T), which are defined as'®

S% o Genisp) T
_ Pch(sp) Jch(sp)
Zch(sp) r= ko + kph ) 7

where G, = Gup + Gy, and Gsp = |Gyp — Gyy| are the charge
conductance and the spin one, respectively. S, = (Sup +San)/2
and Sy, = Sup — Sqn are the charge- and spin-thermopower. k, =
kyp +kgy is the electronic thermal conductance. It should be noted
that the Equations (2)-(6) are only valid at a small AT

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 (a)-(c) The spin density distribution with an isovalue of 0.05 eV/A3
(the left panels), the spin-dependent band structures, the spin-dependent
transmissions (the central panels) and the thermally driven spin currents
(the right panels) for the one-boron-substituted (5,5) armchair BNNT,
10-zBNNR-H and 10-zBNNR, respectively. Here, the unit cells of the
nanoribbons and the nanotube are constituted by the same numbers of
boron and nitrogen atoms, and we set the temperature gradient AT as 5,
10, 15 and 20 K. It is noted that 1, and 1, are overlapped in Fig. 2(c).

3 Results and discussion

First of all, we should determine the magnetic states of the
carbon-substituted BNNR and BNNT-H. In the latter, both edges
have been passivated with hydrogen. The DFT calculations show
that both structures display as the spin semiconducting state with
nearly symmetrical spin-splitting band structures, as shown in
Fig. 2(a) and 2(b), respectively. The particular electronic struc-
tures indicate that the nanotube and the nanoribbon can pro-
vide two symmetric spin-dependent spin channels, i.e., the spin-
up channel below the Fermi level, and the spin-down one above
the Fermi level. Their spin density distributions show that these
two spin-dependent channels are contributed by the 2p electronic
state in the carbon atoms. These spin-dependent transport chan-
nels suppose that these two samples can generate the nearly per-
fect SSE based on the conduction electrons, if a temperature bias
is applied between the source and the drain. To illustrate this
behavior, we calculate the thermally driven spin-up current (/)
and spin-down current (/) versus the device temperature 7y, un-
der some suitable values of AT, and plot the numerical results
in the right panels of Fig. 2(a) and 2(b). One can find that 1,
and I, have the opposite signs, indicating that they flow in the
opposite directions in the transport channels with opposite spin
directions, confirming the occurrence of the SSE.4230 Moreover,
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Fig. 3 (a)-(c) The spin-up thermopower S,,,, spin-down thermopower S,,, charge thermopower S, and spin thermopower S;, versus the temperature
T (= T = Ty) for the systems of one-boron-substituted (5,5) armchair BNNT, 10-zBNNR-H and 10-zBNNR, respectively. (d)-(f) Sup, San, Sen and S, as

a function of the chemical potential u for the corresponding systems.

although the SSE occurring in the different models constructed
on the same quantum materials, yet there are two obvious dif-
ferences as follows: (i) under the same conditions, the spin-
dependent currents in the nanotube is smaller than those in the
nanoribbon characterized by the fact that the threshold tempera-
ture in the former is higher than that in the latter, which is due to
the larger band gap appearing in the nanotube; (ii) the symme-
try of the spin-up and spin-down currents about the zero-current
axis in the nanotube is higher than that in the nanoribbon due to
an additional symmetry, i.e., the rotational symmetry,>L appear-
ing in the nanotube, which supports that the magnetic nanotubes
can generate a better SSE in comparison with the related nanorib-
bons. These comparative studies give us deeper understandings
into their respective advantages for these two different structures
towards the thermal spin device applications. In particular, the
rotational symmetry in the nanoscale systems should be taken
into account as they are applied to generate the perfect SSE.

As the hydrogen passivation is removed from the above BNNR-
H, we get another class of nanoribbon, i.e., the BNNR without
any edge treatments, as drawn in Fig. 1(c). It is interesting that
as the edge magnetism is produced, the magnetism originating
from the carbons is suppressed largely, characterized by the com-
parable spin-state densities as plotted in Fig. 2(c). Apart from
these, the electronic structures are changed remarkably, and the
band structures show that this nanoribbon displays as a magnetic
metallic state. Comparing with the previous one, i.e., BNNR-H,
one can find that the metallic properties originate from the ex-
tended electronic states in both edges. Moreover, the transmis-
sion of the BNNR shows that this structure cannot generate any
SSE, which is confirmed further by their thermally driven spin-

4| Journal Name, [year], [vol.],1

dependent currents as shown in the right panel of Fig. 2(c). It
can be concluded that the suitable edge treatment is a prereq-
uisite to generate the SSE and other thermo-spin effects in the
nanoribbons, and to make these effects to approach those of the
related nanotubes constructed on the same quantum materials.

2.5 \ .
—BNNT (b) .2
20l —-BNNRH
_ ---BNNR /7
& ek ,/‘/
Z10 e
S
0.5+ ’,'/'
e
a'/‘ i i i
1.0 0 100 200 300 400 500
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Fig. 4 (a) The electron thermal conductance k. as a function of the
chemical potential u for one-boron-substituted (5,5) armchair BNNT, 10-
zBNNR-H and 10-zBNNR, respectively. In the calculations, the temper-
atures in the three structures are set as 300 K. (b) The phonon ther-
mal conductance k,;, versus T for the corresponding systems, which the
chemical potential u is set as zero.

The magnetic states and the spin transport characteristics influ-
ence their spin-related thermopower and other spin thermoelec-
tric parameters remarkably. To study the spin-dependent thermo-
electric properties, we limit our numerical calculation in the lin-
ear response regime and by adopting the approximation of nearly
zero temperature bias, i.e., T = Ty ~ Tg. In Figs. 3(a)-(c), we
plot the spin-up thermopower (S,,,), the spin-down thermopower

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 (a)-(c) The spin-dependent conductance G as a function of the chemical potential u for the systerms of one-boron-substituted (5,5) amchair
BNNT, 10-zBNNR-H and 10-zBNNR, respectively. (d)-(f) The charge figure of merit Z,,T and spin figure of merit Z,,T versus the chemical potential u
for the systerms of one-boron-substituted (5,5) amchair BNNT, 10-zBNNR-H and 10-zBNNR, respectively.

(S4n), the charge thermopower (S,;) and spin thermopower (Sy,)
as the device temperature 7 for the BNNT, the BNNR-H and the
BNNT, respectively. As expected, for the structures of BNNT and
BNNR-H, S,,, and S, have the opposite signs, confirming further
the occurring of the SSE in both structures. Meanwhile, the high
symmetry of S,, and S, about the zero-thermopower axis sup-
presses S, to zero nearly in the whole temperature range, while
the nonzero values of S, appear above the threshold tempera-
ture characterized by a small peak. Note that the peak of S, in
the BNNT is smaller than the peak of S, in the BNNR-H, sup-
porting that the SSE in the former is better than that in the latter.
This is consistent well with the previous conclusion driven from
the numerical results on the thermal spin-dependent currents. As
for the second kind of the BNNR, the all thermopower coeffi-
cients behave as much small values, uncovering that the BNNR
is not a good thermoelectric material. Furthermore, the relation-
ship of the above four thermopower coefficients in these three
structures with the chemical potential u is also considered here.
The numerical results show that the high symmetry of S,, and
Sqn versus u appears in the BNNT, while this symmetry is sup-
pressed in the BNNT-H, and for the same values of u, S,,, San
and S;, in the BNNT are larger than the ones in the BNNR-H,
as shown in Fig. 3(d) and 3(e). While for the BNNR, the all
thermopower coefficients are zero in the Fermi level, which sup-
presses the thermopower largely. Besides, the higher symmetry
of S, and S, in the nanotube distributes around the Fermi level,
while the potential value corresponding to the symmetric point of
the thermopower in the nanoribbon shifts away from the Fermi
level. These additional numerical calculations confirm further the
previous conclusions.

To grasp the spin-dependent TCE, we should consider further
the electric thermal conductance k, and the phonon thermal con-

This journal is © The Royal Society of Chemistry [year]

ductance k,;, in these three materials. Fig. 4(a) shows k, versus
u of these three different structures. One can find that under the
same conditions, k. in the nanotube is smaller than that in the
nanoribbon, which is due to the fact that the larger band gap in
the former suppresses the thermal electrons to transport through
the device. Apart from this, the symmetry of k, in the nanotube
about u = 0 is much higher than that in the nanoribbon due to the
rotational symmetry in the former. While for the BNNR, &, is en-
hanced largely, even in the Fermi level, attributing to the metallic
behaviors in both edges. Fig. 4(b) demonstrates k,, versus the
device temperatures of these three structures. One can find that
under the same temperatures, k,; in the nanotube is larger than
the ones in both nanoribbons, displaying as an opposite changing
trend comparing with the electron thermal conductance. In fact,
the confinement effect in both edges induces the lattice phonon
scattering in the nanoribbons. The nanotube, however, can be
considered as a simple model of the nanoribbon having periodic
boundary conditions, which suppresses the edge effect and re-
duces the phonon scattering largely. Considering that the phonon
thermal conductance is contributed by the lattice vibrations, the
larger values of k,;, appearing in the BNNT can be understood.
Thus, we can find that comparing with nanoribbon structures, the
nanotube has two oppositive influences on the thermal conduc-
tance. The advantage is to suppress electron thermal conductance
due to the larger band gap, while the disadvantage is to enhance
the phonon thermal conductance. In addition, as the passivated
hydrogens are moved off, the phonon scattering in both edges is
decreased, enhancing k, in the BNNR compared with the BNNR-
H, as shown in Fig. 4(b). From the above comparative studies,
the influence of the phonon scattering in the boundaries on &, and
kpy should be fully taken into account as the nanoscale systems
are applied in the therm-spin device applications.

Journal Name, [year], [vol.], 1 |5
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As the charge conductance G, and the spin conductance Gy,
are achieved, from equation (7), the characteristics of the TCE in
the nanoscale structures can be analysed. In Figs. 5(a)-5(c), we
plotted G., and Gy, versus u for the BNNT, the BNNT-H and the
BNNT, respectively. As expected, the main the changing tendency
of G, in the nanotube and and nanoribbons is coincided with that
of the related k, as plotted in Fig. 4(a), since the low-temperature
behaviors of G, is linearly proportional to k., in the linear re-
sponse regime.1?. Meanwhile, the symmetry of G, about =0
is also determined by that of the spin-splitting bands of the sys-
tem. The charge and spin figure of merit, i.e., Z;T and Z,T, in
these three structures are plotted in Fig. 5(d)-(f), respectively. It
is obvious that Z,,T and Z,,T in the BNNT are characterized by
the two nearly symmetric peaks localizing at u = £0.5 eV, respec-
tively. The maxima of Z,,T and Z,;,T in the BNNR-H are larger
than those of the previous one, however, both Z,T and Z,,T
have only one peak at u = 0.5 eV, losing the symmetry as showing
in the BNNT. Recalling the previous studies on the thermopower
and the thermal conductance, these differences in the TCE can
be understood easily. The BNNT has the higher symmetry in the
spin thermopower (see Fig. 3(d)) due to the rotational symme-
try, while S, and S, in the BNNR-H lose this symmetry (see Fig.
3(d)). As a result, ZT keeps zero in the positive-u regime while
the finite values appear in the negative-u regime. Moreover, the
BNNR-H has the lower thermal conductance, leading to the larger
values in Z,;,T and Z,T. In addition, Z.;,T and Z,T in the BNNT
remains the typical behaviors of magnetic metals. It is concluded
that the rotational symmetry and the phonon scattering in edges
in nanoscale structures, as two important factors, should be taken
into account when they are worked as the candidates to realize
SSE with high spin figure of merit.

4 Conclusions

In summary, magnetic nanorribons and nanotubes are two poten-
tial structures to work as high-efficient spin caloritronics devices,
to illustrate their respective advantages and disadvantages to re-
alize the SSE with high spin figure of merit, we have constructed
two nanoscale samples, i.e., the magnetic armchair BNNT and
zigzag BNNR-H with the same magnetism origin, and studied the
thermally driven spin currents and spin-dependent thermoelec-
tric parameters symmetrically and comparatively. The theoretical
results show that the two samples are spin semiconducting and
can generate the SSE as a temperature gradient is applied along
the samples. It is noted that the SSE in the former is much better
than that in the latter, due to the rotational symmetry in nan-
otubes. Nevertheless, the spin-Seebeck currents in the BNNT are
smaller than those in the BNNR-H, due to the larger band gap
in the former. Moreover, the rotational symmetry in nanotubes
leads to the nearly symmetric double-peak structure in the ther-
mopower versus the onsite potential, and the losing of the rota-
tional symmetry in nanoribbons leads to the single-peak structure
in the thermopower of the BNNR-H. On the other side, due to the
phonon scattering occurring in both edges of the BNNR-H, the
phonon thermal conductance in the nanoribbons is smaller than
that in the nanotubes, contributing to the enhancement of the
charge and spin figure of merit of the systems.

6| Journal Name, [year], [voI.],1

In addition, we constructed another class of BNNT without any
edge treatment for comparative studies, and found that the this
kind of BNNT display as the spin thermoelectric behaviors of gen-
eral metallic nanoribbons. Our results uncover that the rotational
symmetry, the edge effect in boundaries and the hydrogen passi-
vation in edges are three important factors to influence the SSE
with high spin figure of merit in nanoscale systems, and provide
us instructive routes to design the thermal spin devices nanotubes
and nanorribons.
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