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Spin-Seebeck effect (SSE) is an effective route to realize pure spin current by using spin-polarized
electrons or spin-wave transport in magnetic systems. Here we propose a new route, i.e., by using
spin-orbit coupling (SOC), to achieve robust SSE characterized by pure thermal spin current. The
material examples are constructed on achiral nanotubes, and the theoretical results reveal that: (i)
as temperature gradient is applied along the nanotubes, thermal spin-up and spin-down currents
with opposite flow directions are produced without any accompanying charge current; (ii) the SSE is
robust against decoherence and non-uniform interchain SOC; (iii) the thermal spin currents display
a multi-oscillation feature with increasing device temperatures, supporting their potential device
applications in thermal spin-current multi-switcher; and (vi) strain engineering in the radical di-
rection of nanotubes is an effective way to improve SSE and to control pure thermal spin current.
These inspiring spin transport behaviors in achiral molecular systems put forwards a new mecha-
nism to realize the robust SSE characterized by pure spin current, and develop the research field
of spin-orbito-caloritronics which focuses on the interplay of electrons’ spin and orbital degrees of
freedom in the presence of temperature gradient.

PACS number(s): 73.63.-b, 73.23.Hk, 75.47.-m, 75.75.-c

I. INTRODUCTION

Spin caloritronics, one of a rapidly developing research
fields in spintronics, is devoted to using the excess heat
generated in nanoscale materials and devices to drive spin
current’2. The core topic in this field is the spin-Seebeck
effect (SSE), which has long been regarded as a feasible
way to achieve pure spin current by the thermal gra-
dient in magnetic insulators® . To push SSE towards
practical device applications, it is desired to suppress
thermally driven charge current, because it causes en-
ergy dissipation due to the Joule law. To the end, we
usually adopt two kinds of spin currents generated by
SSE. One is the thermally driven spin-wave current that
has no accompanying charge flow, since the angular mo-
mentum is carried by spin wave or magnon propagation
in magnetic insulators” ', The other one is the ther-
mally driven spin-dependent currents, in which the con-
duction electrons having different spins flow in opposite
directions!! 15, For the latter case, we have suggested
to generate the thermal spin-up and spin-down currents
along edges of ferromagnetic nanoribbons'™'2. Never-
theless, the edge-related spin transport may reduce the
overlap of the spin transport channels in space, which
is not favorable for the cancellation of charge current.
Moreover, the edge magnetism in nanoribbons or other
nanoscale systems can be weakened easily by increasing
temperature. In addition, a large temperature gradient
in low-dimensional systems may decrease the thermal sta-
bility of materials. These drawbacks inspire us to explore
new mechanisms and materials for realization of SSE and
pure thermal spin current with conducting electrons!®17.

More recently, an important finding in spintronics is

that DNA molecules can serve as efficient spin filters'®19,

due to the chiral-induced spin selectivity effect (CISS).
This effect has attracted increasing attention, because it
not only paves the way to a novel paradigm of spin injec-
tion at chiral/semiconductor interfaces®’, but also offers
a new possibility to design spintronic devices, such as spin
filter on the basis of nonmagnetic or organic materials?.
Furthermore, through measuring the magnetoresistance
effect, the CISS-induced spin filtering was confirmed in
helicene molecules adsorbed as an oriented monolayer on
an oriented pyrolytic graphite substrate??. Apart from
these, a tunable spin switching behavior and the ther-
mopower with an on-off ratio of several orders of mag-
nitude combined with high thermoelectric figure-of-merit
were found in a helicene molecule through controlling the
length of the helicene molecule?®. Naturally, a question
arises here: can this kind of molecular systems generate
pure thermal spin current and other unusual spin trans-
port behaviors as desired for new spintronic materials?

Meanwhile, to understand the underlying physical
mechanism of CISS, a theoretical model has been put
forwards to interpret spin-resolved transport through ds-
DNA and the a-helical protein®* 26, Theoretical studies
revealed that two key factors, i.e., spin-orbit coupling
(SOC) and intrinsic chiral structure, cause the high spin
filtration efficiency in the helicene molecules. However,
it should be stressed that a recent theoretical work found
that the emergence of CISS and the spin-splitting trans-
port can also occur in an achiral and nonmagnetic nan-
otubes, and uncovered that the helical symmetry may not
be necessary for the emergence of CISS, while the SOC
is required even though its magnitude can be weak?".
Moreover, the key role of SOC on the spin-slitting effect
in a double helix emulating DNA chain has also been



analysed?®. As a further step beyond these studies, we
constructed an achiral nanotube [see Fig. 1(a)] to ex-
plore the SOC-induced SSE and the generation of pure
thermal spin current in low-dimensional quantum sys-
tems. Our theoretical results show that if we produce
a temperature gradient between two nonmagnetic metal
leads, the spin-up and spin-down currents with the oppo-
site flow directions are generated with equal magnitudes
through the nanotube in the presence of the SOC, sup-
porting that a perfect SSE without any accompanying
charge current occurs here. Moreover, the SSE is robust
against decoherence and non-uniform interchain SOCs.
The thermally induced spin currents display a multi-
oscillation feature with increasing device temperatures,
indicating its potential applications in pure-spin-current
multi-switcher. In addition, the strain engineering in the
radical direction of nanotubes is an effective approach
to control and improve the SSE. These results indicate
that the SOC can be an effective mechanism to realize
the robust SSE to produce pure spin currents. Two sep-
arate research fields viz. spin caloritronics’? and spin
orbitronics?*3% may hence converge together to a new
research subject, i.e., spin-orbito-caloritronics.

The remainder of this paper is organized as follows. In
Sec. II, we construct an achiral nanotube with two ther-
mal nonmagnetic leads at different temperatures, and we
propose a model Hamiltonian to describe the electron
hopping and decoherence under the influence of the SOC.
In Sec. III, the thermally driven spin-up and spin-down
currents are numerically calculated, the spin transport
behavior of the nanotube is discussed, and an effective
route to improve and control the SSE is proposed. Fi-
nally, the key results are summarized in Sec. IV.

II. DEVICE MODELS AND THEORETICAL
METHOD

In Fig. 1(a), a thermal spin device composed of an
achiral nanotube coupled with two nonmagnetic thermal
leads with different temperatures is proposed. The re-
lated model Hamiltonian is described by the following
one:

H = Hmol +H50+Hd+Hlead7 (1)

where the Hamiltonian H,,,; = f)2 /2m+V describes the
kinetic and potential energies of the electrons in the nan-
otube, with p being the electron momentum operator and
m being the electron effective mass. The second term,
Hg, = (h/4m2c?)VV - (6 x p) is the SOC Hamiltonian,
where 7 is the reduced Plank constant, ¢ is the speed of
light, and 6 = (0, 0y,,0) is a vector in spin space whose
components are the three Pauli matrices o, 4 ..

In what follows, we discretize H,,,; and H,, on the
basis set constructed by the nanotube lattices with the
amplitude of the electron wave function being 1, ,, at site
{j,n} as similar at the procedure adopted in Ref. [31].

Then, the discretized form of H,,,; is

J N N-1
mol E § €j7lcjncj7) + E tHC7nC] n+1
n=1 n=1

K @)
Z thgnCHl »+ H.cl,

+

where cjr,H,n = ¢, and cjn = (C;L-n,r,c;m) is the cre-
ation operator at the site {j,n} of the nanotube, J
is the number of the chains, N is the length of nan-
otube, and the index {j,n} indicates the site n of the
chain j. €, = (Vjn|Hmot|tjn) is the potential energy,
t) = (Yjn|Hmot|thjny1) is the intrachain hopping in-
tegral, and t| = (¥ n|Hmot|¥j+1,n) is interchain hop-
ping integral, since the nearest-neighbour (NN) hopping
is considered in the nanotube. It is noted that the wave
function v;, decays exponentially with the distance in
the potential barrier, ie., ¥;, () ~ el/le | where [ is
the distance from site {j,n}, and [. is the decay ex-
ponent. Similarly, by calculating (1, ,|Hso|®j+1,n) and
(Vjn|HsoltVjn+1), the SOC Hamiltonian is written as

J N-1 N

H,, = g [2i E cjns,najcj nt1 1+ 24 g cjnw]nozcjﬂn
j=1 n=1 n=1
+ H.cl].

(3)

Here, sjp= s e~ Uinim+n=b/le {5 the intrachain SOC
strength between two sites {j,n} and {j, (n+ 1)}, where
the SOC strength is s when the distance is [; wj, is
the interchain SOC strength between the sites {j,n} and
{(j+1),n}, and can be reduced to w = s cos(A¢/2) when
the NN approximation is considered; o; = o, sin¢; —
oy cos¢j, ¢ = (j — 1)A¢, with A¢p =27/ J.

The third term of the Hamiltonian, Hy, denotes the
phase-breaking processes, which can be imitated by con-
necting each site of the molecule to one of Biittiker vir-
tual leads. In the frame of tight-binding model, Hy is
expressed as the following form

Hd = Z (€Jdejndenk + tdd;nkcjn + H'C')a (4)
Jmik

where d}nk = (d}nm,d;nm) denotes the creation oper-
ator of the mode k in Biittiker virtual leads, and t4 is
the coupling between the nanotube and the virtual lead
with the strength I'4?42°32. During the charge trans-
port process, an electron may suffer inelastic scatterings
from, e.g., phonons, unclear spins, and impurities, which
leadlng to the loss of phase memory of the electron?’.
The Hamiltonian Hjeqq = Zk[ak(aTLkaLk + aRkaRk) +

T(aTchll + akkch + H.c.)] describes the two nonmag-
nectic metallic leads, and their coupling to the nanotube.
The first two terms are the Hamiltonian of two leads with
different temperatures, and the last two terms describe
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FIG. 1. (a) Schematic view of an achiral nanotube (no helical symmetry) whose site {1,1} and {2,N} are coupled to left and
right nonmagnetic leads with the temperature 71 and Tr, respectively. (b) A compression strain engineering is applied to adjust
the SOCs in nanotubes. (c)-(h) The thermal spin-up current I, and spin-down one Ig, versus Tr, where the temperature
gradient AT (=T —Tg) is set as 5, 10, 15 and 20 K. The index {j, n} denotes site n of chain j, the number of chains is J = 6,
the SOC strength is s = 0.05, the coupling to Biittiker’s virtual leads is I'¢ = 0.04 and the nanotube length is N = 20.

the coupling between the two leads and the nanotube
with the strength 7. It should be noted that aTLk (aTRk)
is the creation operator for an electron in the left (right)
lead. In the device design, we consider that the left lead
is always coupled to the site {1,1}, and the right lead is
coupled to the site {j, N}, while the site index j is chosen
in the last ring as shown in Fig. 1(a).

In the Landauer-Biittiker formulism, the spin-
dependent currents are given by the following equation??

I =5 [ 7011 (B)(FL(E. s, To)~ Fa(B. o Tr) IE.

()
where e is the electron charge, h is the Planck’s con-
stant, and o =1 or | indicates the spin index. Fpr) =
{1+ exp[(E — pr(r))/kBTr(r)|} " is the Fermi distri-
bution function of the left (right) lead with temperature
Tr,(r) and chemical potential y17,(g). The spin-dependent

transmission coefficient of the nanotube T?(FE) can be
calculated by using the non-equilibrium Green’s function
theory in the linear-resonance regime as3437

T°(E) = Tr[T,GR(E)YTrGA(E)]°, (6)

where I'p/p = i[¥1 /5 — EE/R] denotes the electron cou-

pling between the nanotube and the left (right) lead with
Y1,k being the related self-energy term. GH*/A(E) in-
dicates the retarded (advanced) Green’s function of the
central region, GT(E) = [Heen — (E+1in) + X1 +Xg] and
GAE) = [GR(E)]", where Heep, = Hpor + Heo + Hg. In
our numerical calculations, the electron hoping integrals
t1 =t =, and the coupling I'z,/r is taken as the en-
ergy unit with I'r/p = ¢ = 1. The nanotube potential
energy is chosen to be ¢, = 0 without loss of general-
ity. In this work, we mainly focus on the spin-dependent
currets driven by the temperature gradient AT between



two leads, without the presence of any external bias and
back voltage.

III. RESULTS AND DISCUSSION

Firstly, to explore the occurrence of SSE in the achiral
nanotubes, we chose the size of the achiral nanotube as
j=6and N = 20, and set the SOC strength as s = 0.05.
In the device design, the site {1, 1} in the nanotube is
contacted to the left lead and the site {j, 20} is contacted
to the right one, as shown in Fig. 1(a). To illustrate the
influence of the spatial symmetry of two thermal termi-
nals on the thermal spin-dependent currents, the site in-
dex j runs over all sites in the right ring to construct six
different device models, and for convenience, we use the j
value to denote the related device. When a temperature
gradient AT (=T, —Tg) is applied between two leads, the
spin-up current I, and spin-down current I4, are gen-
erated in the all device configurations as plotted at Figs.
1(c)~1(h), where AT is set from 5 to 20 K. It is inspiring
that in all cases, I, and Iz, have opposite signs, indi-
cating that they flow in the opposite directions, which
supports the occurrence of the SSE based on conduct-
ing electrons in this achiral nanotube!! 13, Since there
is no any magnetic impurity or external magnetic fields
adopted in the systems, the SSE is induced by the SOC
in the achiral nanotube. Moreover, from the thermal
spin transport behaviors, the SSE obtained here has sev-
eral important and unusual features, even some of them
have not been found in any magnetic nanoribbons!!:3%39
nanotubes!?3? or molecular junctions?’ so far.

(i) The curves of I,, and I4, versus Tr are ex-
actly symmetric about the zero-current axis in all de-
vice configurations, indicating that the charge current I,
(= Iup + I4n) is exactly suppressed to zero and hence a
completely pure spin current I, (= 2—’;([,@ —14,)) is pro-
duced. Thus, a perfect SSE without any accompanying
charge current is achieved here.

(ii) The thermally induced spin-dependent currents
display an oscillation feature with the increase of Tg
apart from the device for j = 1 [see Fig. 1(c)]. For
example, in the device for j = 2, the magnitudes of I,
and Iy, increase firstly and then decreases symmetrically
with Tr. As T increases to a critical temperature T, (=
300 K), I, and Ig4, are equal to zero and then change
their flow directions. The appearance of T, supports that
the achiral nanotube can be developed as a thermal spin
switcher.

(iii) In both devices with j = 2 and 6, or j = 3 and
5, the thermal spin transport behaviors are exactly the
same, apart from the opposite spin directions in the spin-
dependent currents, i.e., (lup)j—2(3) = —(Ldn)j=6(5). This
characteristics is attributed to the mirror symmetry in
achiral nanotubes.

(iv) The magnitudes of spin-dependent currents are
tightly dependent on the sites contacted with the leads.
The spin currents flowing through the nanotube devices
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FIG. 2. (a) and (b) The Fermi function difference Fr, — Fr
between two thermal leads. (c) and (d) Transmission coeffi-
cients for spin-up electrons (T+) and spin-down ones (T)) as
a function of the Fermi energy E in the nanotube devices for
j =2 and 3. (e) and (f) Spin current spectra J4+(E) versus
E at various values of Tr and AT = 20 K in the devices for
j =2 and 3, respectively. (g) and (h) The related spin down
spectra J (E) versus E in the above two nanotube devices.

for j = 3 and j = 5 are much larger than those in other
devices, while the thermal spin currents in devices for
7 =1 and 4 are nearly equal to zero, indicating that the
breaking of the mirror symmetry of two thermal leads
enhances largely the thermal spin currents.

To understand the occurrence of the perfect SSE with
particular spin transport characteristics, we first con-
sider the electron distribution in the leads. Consider-
ing that both leads are constructed by the same metal
material and possess the same density of state, the
Fermi distribution Fr,(TL) — Fr(Tr) determines the dif-
ference in carrier concentrations between them. When a
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FIG. 3. (al)-(ab) The thermal spin-up current I, (black

lines) and the spin-down one I4, (red dash lines) versus the
temperature Tr in the achiral nanotube device for j = 3 and
AT = 20 K, where the SOC strength s is increased from 0.01
to 0.018. (b1)-(b5) I, and Ig, versus Tr at AT = 20 K
in the nanotube device with 7 = 3 and s = 0.01, where the
decoherence strength I'y is increased from 0.01 to 0.2.

temperature gradient AT is applied between two leads,
Fr(Tr+ AT)— Fr(Tg) is longer equal to zero and shows
an inverse symmetric behavior about the Fermi level, as
shown in Figs. 2(a) and 2(b). Since F, — Fg is an odd
function, the sign of I,, is determined by the slope of the
transmission coefficient T, according to Eq. (4)1%42. In
Figs. 2(c) and 2(d), we plot the spin-dependent transmis-
sion Ty} versus Fermi energy in the nanotube devices
for j = 2 and 3, respectively. One can find that: (i) the
electron-hole symmetries in the spin-up and spin-down
electrons are both broken around the Fermi level (-0.1
eV < F < 0.1 eV), resulting in thermally induced spin-
up and spin-down currents; (ii) the transmission T4y,
in the device for j = 3 is much larger than that in the
device for j = 2, which supports that the breaking of the
mirror symmetry of two leads enhances largely the car-
rier transport; (iii) the weak breaking of the electron-hole
symmetry around the Fermi level leads to the competing
transport of the thermally driven electrons and holes,
resulting in the changing of the flow directions of the
thermal spin-dependent currents at the critical temper-
ature T.. Moreover, both curves of T4 — F and T — E
are symmetric with respect to the line of £ = 0, i.e.,
T,(E) = T,(—FE), resulting in the equal spin-up and
spin-down currents. These conclusions can be confirmed
further by the related spin-dependent current spectra

Jy ) (E)(= Ty (E)(FL(E,TL) — Fr(E,Tg))) as drawn
in Figs. 2(e)~2(h). For example, in the nanotube de-
vice for j = 2, the spin current spectrum Jy(})(E) at low
Tg is strongly asymmetric in the region -0.1 eV < E <
0.1 eV, resulting in a remarkable net thermal spin-up or
spin-down current. While at the temperature Tr = 300
K, the related spin-current spectra are nearly symmetric
about E = 0, resulting in the zero-current points in I,
and Iy, regardless of the different values of AT.

As one of the conclusions obtained above, the spin-
splitting in the achiral nanotubes is induced by the SOC,
rather than by magnetic impurities or external mag-
netic field. To explore this unusual transport behavior
of achiral molecule systems, we turn to study the influ-
ence of the SOC strength on the thermally driven spin-
dependent currents. In Fig. 3, we plot I, and 14, versus
Tg in the nanotube device for j = 3, in which the SOC
strength s is enhanced from 0.01 to 0.018, and AT is set
as 20 K. It is inspiring that the thermally driven spin-
dependent currets display as an oscillation feature with
increasing Tgr. For example, in the nanotube device with
s = 0.01, the thermal spin-dependent currents have two
zero-current points identified by the critical temperatures
T.1 and Ty as shown in Fig. 3(al). Crossing over these
two temperatures, both I,, and Ig, change their flow di-
rections at the same time. As s increases, T, is driven
to low-temperature region, and another critical tempera-
ture, i.e., T.3, appears in the curves of spin-up and spin-
down currents [see Fig. 3(a3)]. As a result, the thermally
driven spin-dependent currents show multi-oscillation be-
haviors. Apart from these, as s is chosen as a suitable
value, T.2 may change to the critical temperature related
to another kind of zero-current point, where the ther-
mal spin-up and spin-down currents remain their flow
directions as they cross over the zero values, as shown
in Fig. 3(a4). These intriguing features of thermal spin
transports in the SSE induced by SOC have not been
found in any magnetic materials, since they are tightly
related with the SOC-induced spin-flipping process. In
addition, multiple zero-current points appearing in the
thermal spin currents support that the present achiral
molecule systems have potential for device applications
such as multi-switcher of thermal pure spin current.

Since the achiral nanotube works at finite tempera-
tures and the carriers in the related devices are driven
by the temperature gradient, electron-phonon coupling
or onsite energy disorder exists inevitably, which will give
rise to various decoherence phenomena in thermal spin-
dependent transport?42°. To demonstrate robustness of
the SSE and the pure thermal spin currents obtained in
the achiral nanotubes, we then study the thermally in-
duced spin-dependent currents by considering the various
decoherence strength in the example nanotube device for
j =3 with s = 0.01. To simulate the lose of electron co-
herence memory in the inelastic-scattering process, each
site in the nanotube is contacted by a Bittiker virtual
lead in the numerical calculations*®. When the deco-
herence process is introduced into the nanotube and as
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above four cases versus the Fermi energy.

its strength I'y is enhanced, we find that both thermally
induced spin-up and spin-down currents are suppressed
as shown in the right panel of Fig. 3. Meanwhile, the
critical temperature T, is driven to lower temperatures,
even disappears from the spin currents, indicating that
the change of flow directions of thermal carriers is in-
fluenced remarkably by the decoherence. However, it is
exciting that the thermal spin-up and spin-down currents
maintain the opposite flowing directions with equal mag-
nitudes, indicating that the perfect SSE with zero charge
current obtained here is strongly robust against the de-
coherence process.

Considering that the interchain SOC parameter wjy,
in the achiral nanotube is tightly dependent on the az-
imuth ¢; of site {j,n} in the cylindrical coordinate sys-
tem as illustrated in Fig. 1(b), we believe that the strain
engineering in the radical direction of the achiral nan-
otubes is an effective way to control and improve the
SSE in the current systems*>44. In fact, nanotubes typi-
cally have usually large Yong’s modulus in their axial di-
rection while remarkably soft in radical direction!”4>47,
Here we take the achiral nanotube device for j = 2 as
an example and the strain engineering is applied in the
chains with j = 1 and 4, i.e., the z direction shown in Fig.
1(a). When the strain is applied, the interchain SOC pa-
rameters are longer uniform and should be expressed as
wj,j+1. For convenience, we set the strain ratio as 7, thus
W12 =W34 =wis = w1 = 8§ cos(p) and wa 3 = w5 =
s cos((m — 2¢)/2), where ¢ = (1 £n)A¢, and n > 0
(< 0) indicates the stretching (compression) strain engi-
neering. In Fig. 4, we plotted the numerical results for
thermally induced spin-dependent currents in the achi-
ral nanotube device, where 7 is changed from —10% to

10%. At the first glance, the spin-up and spin-down cur-
rents maintain the high symmetry about the zero-current
axis, regardless of the strain engineering strength. Ob-
viously, the the non-uniformness of the interchain SOC
don’t destroy the SSE, confirming further the robustness
of the SOC-induced SSE and the pure thermal spin cur-
rents. Furthermore, the magnitudes of the spin-up and
spin-down currents together with the critical tempera-
ture 7, can be adjusted and controlled easily by the
strain engineering. The compression strain engineering
increases the electron-hole asymmetry in low-energy re-
gion while decreases this symmetry in high-energy region.
The stretching strain engineering leads to an opposite re-
sults [see Figs. 4(e)~4(h)].

Interesting, our numerical calculations show that when
the strain engineering is applied along the chains with j =
3 and 6 in nanotube device, the thermal spin-dependent
currents are nearly not influenced (see the Fig. S1 in
Supplemental Material [48]). In fact, in the present nan-
otube device, the two chains applied by the strain have
the same symmetry axis as that of two leads. As a re-
sult, the mirror symmetry of two leads isn’t broken by
the strain engineering and the thermal spin-dependent
currents are nearly unchanged, which is much different
from the former device. Thus we believe that the strain
engineering is an effective route to improve and control
the SSE and the pure thermal spin currents induced by
the SOC in achiral molecule systems, while breaking the
mirror symmetry of two leads should be taken into ac-
count for this perpose.



IV. CONCLUSION

In summary, we have proposed a new physical mecha-
nism to realize robust SSE in achiral molecule systems.
In our proposal, the SSE is induced by the SOC, not by
magnetic impurities or external magnetic field. Although
the SSE results from thermally driven conduction elec-
trons, there is no any thermal charge current. This per-
fect SSE with the pure spin currents is strongly robust
against the non-uniform interchain SOCs and the deco-
herence process from inelastic-scattering events. With
suitable SOC parameters, the thermally induced spin-
up and spin-down currents display multiple oscillation
features, indicating that the thermal spin currents can
change their flow directions many times, and possess sev-
eral zero-spin-current points with the increase of tem-
perature. The nonmagnetic achiral nanotubes with SOC
have potential device applications in thermal-spin multi-

switcher. Moreover, strain engineering in the radical di-
rection of achiral nanotubes is an effective way to improve
and control the SSE. It should be pointed out that these
unique thermal spin transport phenomena induced by
SOC have not been found in the SSE based on conduction
electrons in magnetic materials. These theoretical results
will enrich the SSE science and expand device applica-
tions. Meanwhile, two separate research fields, i.e., spin
orbitronics and spin caloritronics, may converge together
to a new research subject: spin-orbito-caloritronics.
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