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Spin Caloritronic Transport of (2x1) Reconstructed Zigzag MoS, Nanoribbons *
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Using first-principles density functional theory combined with nonequilibrium Green’s function method, we inves-
tigate the spin caloritronic transport properties of (2x 1) reconstructed zigzag MoSs nanoribbons. These systems
can exhibit obvious spin Seebeck effect. Furthermore, by tuning the external magnetic field, a thermal giant
magnetoresistance up to 10*% can be achieved. These spin caloritronic transport properties are understood in
terms of spin-resolved transmission spectra, band structures, and the symmetry analyses of energy bands around

the Fermi level.
PACS: 73.23.—b, 85.65.+h, 71.15.Mb

The dissipating heat becomes a severe problem as
the electronic devices shrink toward nanoscale. Exces-
sive dissipating heat not only wastes a large amount of
energy, but also deteriorates the performance and re-
liability of electronic devices. In these respects, spin-
tronics as a promising direction to realize lower en-
ergy consumption has drawn much attention.["?) On
the other hand, thermoelectronics offers a possible
way of directly converting dissipating heat into electri-
cal power.[>"] Recently, spin caloritronics, a research
field combining both the advantages of spintronics and
thermoelectronics, has attracted extensive interest.!”!
Although the concept of spin caloritronics can be
traced back to the late 1980s,! this field boomed only
after the recent experimental discovery of spin Seebeck
effect in NiFe, GaMnAs and LaY,Fe5015.17 9 In the
spin Seebeck effect, the spin-polarized current can be
generated by temperature difference without the need
of bias voltage. Moreover, the thermally driven spin-
up and spin-down currents flow in opposite directions,
which can be further converted to a spin voltage. That
is, in this process, the dissipating heat can be directly
converted into reusable spin current/voltage.

It is known that molybdenum disulfide (MoS3)
one-dimensional (1D) nanostructures such as nanorib-
bons, nanotubes, wires and rods have recently aroused
great interest due to the outstanding physical and
chemical properties.['”) In particular, many investi-
gations have been focused on the MoS; nanorib-
bons (MoSsNRs). Similar to graphene nanoribbon,
there are two typical types of MoS;NRs accord-
ing to the basic edge configurations: armchair and
zigzag MoS;NRs (AMoS;NRs and ZMoS;NRs). 112
AMoS,;NRs are typical nonmagnetic semiconductors,
while ZMoSsNRs are magnetic with sizable magnetic
moments on edge atoms.!'"'?] However, the exis-
tence of dangling bonds along the nanoribbon edge
makes these systems unstable. It is well known that
edge reconstruction is a common route to remove
such dangling bonds.!'""~ % Recently, Cui et al. re-
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vealed (2x1) reconstructed ZMoSsNRs via edge self-
passivation mechanism.!'?! Very recently, it has been
shown that this kind of edge reconstruction mecha-
nism can be used to controllably fabricate transition
metal dichalcogenide nanoribbons under nonequlilib-
rium growth conditions.!'”]

It is natural to ask whether these (2x1) recon-
structed ZMoSsNRs have the potential in the field
of spin caloritronics. To answer this question, in
the present work, using the density functional the-
ory (DFT) combined with the nonequilibrium Green’s
function (NEGF) method, we investigate the spin
caloritronic transport properties of these (2x1) recon-
structed ZMoS3;NRs. Our results show that obvious
spin Seebeck effect can be induced in these systems.
Moreover, with the help of an external magnetic field,
a thermal giant magnetoresistance up to 10*% can be
achieved.

Figure 1(a) shows the proposed (2x1) recon-
structed 6ZMoSsNR-based device, where the prefix
6 indicates the ribbon width according to the con-
ventional notation, i.e., the number of zigzag chains
across the ribbon width of original unreconstructed
ZMoS;NR. Our test shows that the effect of ribbon
width on the following results is very small. The de-
vice consists of three parts, namely, the left electrode
(LE), the right electrode (RE), and the central scat-
tering region (CSR). The LE/RE is represented by
a (2x1) reconstructed 6ZMoS;NR unit cell, while the
CSR includes six repeated such unit cells. The vacuum
space is set to be 20 A to avoid the interactions be-
tween nanoribbon and its periodic images. Structural
relaxation is carried out for the (2x1) reconstructed
ZMoS;NR unit cell using the quasi-Newton method
until the atomic forces are less than 0.001 eV /A.

As the magnetization of LE/RE can be controlled
by applying external magnetic fields,!'® two distinct
magnetic configurations (MCs) are considered: paral-
lel (P) and antiparallel (AP) MCs with magnetic fields
at two electrodes pointing in the same (+y, +y) and
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opposite (+y, y) directions, respectively.
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Fig.1. (a) Schematic view of the (2x1) reconstructed
6ZMoSaNR-based spin caloritronic device. Labels LE,
RE and CSR denote the left electrode, the right elec-
trode, and the central scattering region, respectively. The
thermal spin currents can be generated by the tempera-
ture difference (AT) between LE (71,) and RE (TRr), i.e.,
AT = T1, — Tr. The cyan and yellow balls represent Mo
and S atoms, respectively. Labels P and AP represent
the magnetic configurations (MCs) of two electrodes. (b)
The spin density for the P and AP MCs, where the pink
and cyan colors indicate the spin-up and spin-down com-
ponents, respectively, and the isosurface level is taken as
0.02 |e|/A3.

The structural relaxation and subsequent spin
caloritronic transport properties are both calculated
by the DFT+NEGF method, which is implemented
in the Atomistix Toolkit (ATK) code.l'” >’ The
exchange and correlation potential is the Perdew—
Burke-Ernzerhof (PBE) functional and is treated us-
ing the spin-polarized generalized gradient approx-
imation (SGGA).*’l The core electrons are repre-
sented by the Troullier—-Martins type norm-conserving
pseudopotentials.?) A double-¢ plus polarization
(DZP) basis set is employed for Mo and S atoms. A
150 (350) Ry mesh cutoff and a 1x1x100 (1x1x21) k-
point grid are used in the transport (relaxation) calcu-
lations. The thermally driven spin currents flowing in
the device are calculated according to the Landauer—
Biittiker formula,””l I, = £ [T, (E)[f.(E —1TL) —
fr(E—Tr)]dE, where the spin index o = up (spin-up)
or dn (spin-down), T, (FE) is the spin-resolved trans-
mission function for carriers with energy F, Ty, /g and
JL/r are the temperature and temperature-dependent
Fermi-Dirac distribution function of LE/RE, respec-
tively.

Figure 1(b) plots the spin density (Ap = pup—pPdn)
distribution across the CSR for P and AP MCs, where
the pink and cyan colors denote the spin-up and spin-
down components, respectively. Evidently, the spin
density distributes on the edge Mo atoms (edge S
atoms and Mo-trimers) at the ribbon top (bottom)
edge. Furthermore, the spin density distribution also
verifies two MC setups: both the LE and RE are spin-
up polarized in the P MC, while the LE/RE is spin-
up/spin-down polarized in the AP MC.

We first consider the P MC. Figure 2 shows the
calculated thermal spin-resolved currents versus the
temperature difference (AT') between LE and RE, i.e.,

AT =Ty, —Tg, with T1, varying from 300 to 400 K. One
can see from Fig.2 that the spin-up current (I,p) is
positive, while the spin-down current (I, ) is negative,
i.e., Iy, and I4, flow in opposite directions. This is an
obvious spin Seebeck effect since both I,,;, and I, are
generated by temperature difference rather than by
bias voltage.
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Fig. 2. Calculated spin-resolved currents versus AT with
T3, varying from 300 to 400 K for the P MC.

According to the Landauer—Biittiker formula, the
thermal spin-polarized currents are determined by the
combined effects of T, and f1,/g. One can know from
the Fermi-Dirac distribution that the carrier (hole or
electron) concentrations in LE are larger than those
in RE since T}, > Tx.[?%?7 Therefore, both holes and
electrons with energy close to the Fermi level Fg dif-
fuse from the hot LE to the cold RE, leading to a pos-
itive hole current I, and a negative electron current
I, in the opposite direction. Moreover, the Fermi—
Dirac distribution function is symmetric with respect
to Fp.[?9?7] Then if the transmission is also symmetric
about Er, I, and I, will cancel out each other, result-
ing in a zero net thermal current. This indicates that
an asymmetric distribution of transmission with re-
spect to Ey is needed to break the electron—hole sym-
metry and to generate the nonzero thermal current. In
the middle panel of Fig.3, we plot the spin-resolved
transmission spectra off the P MC. Clearly, both spin-
up and spin-down transmissions are asymmetric about
Er. Specifically, a spin-up transmission crosses E,
and the cover area below Er is larger than that above
FEr. Hence, Iy, is higher than I, and finally result-
ing in a positive spin-up I. In contrast, a spin-down
transmission is just above Ep in the energy region
[0.015€V, 0.035¢eV], and thus the spin-down transport
is dominated by electron carriers, leading to a negative
spin-down electron current I.. As a result, the spin
Seebeck effect emerges. The origin of these transmis-
sions can be attributed to the band-structures of the
(2x1) reconstructed 6ZMoSsNR. The spin-resolved
band-structures of LE and RE are presented in the
left and right panels of Fig. 3, respectively. Evidently,
the bands of LE have the same structures as those of
RE, since LE and RE have the same structure and
magnetic configuration. To be specific, there are a
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spin-down band I and a spin-up band II around FEf.
The spin-up band I crosses Er in the energy region
[—0.135€V, 0.04€V], while the band I is just above
Er in the energy region [0.015¢eV, 0.035 €V]. Thus the
overlap of spin-down band I (spin-up band II) between
LE and RE gives rise to the spin-down (spin-up) trans-
mission around Fr.
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Fig. 3. Calculated spin-resolved band-structures of LE
(left panel) and RE (right panel), and the spin-resolved
transmission spectra (middle panel) of the P MC. In par-
ticular, there are a spin-down band I and a spin-up band
II around FEr.
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Fig.4. Calculated spin-resolved band-structures of LE
(left panel) and RE (right panel), and the spin-resolved
transmission spectra (middle panel) of the AP MC.

Now we consider the AP MC. In the middle panel
of Fig. 4, we plot the spin-resolved transmission spec-
tra of the AP MC. One can see that the spin-up and
spin-down transmission spectra are degenerate, and
there is a large transmission gap around FEf from
—0.26€eV to 0.24€eV. In the left and right panels of
Fig. 4, we plot the band-structures of LE and RE, re-
spectively. Clearly, the spin-up and spin-down band-
structures in RE are completely exchanged compared
with those in LE when the spin magnetization of RE
switches from the P to AP MC. In particular, in the
energy region [0.015 eV, 0.035 eV], the spin-down band
I (spin-up band I) in LE overlaps with the spin-down
band I (spin-up band I) in RE. However, this overlap
cannot contribute any spin-down and spin-up trans-
mission. To clarify this point, in Fig.5, we plot the

Bloch wave function for bands I and I at the I" point,
respectively. As one can see, the band I is mainly
formed by d, orbitals of the sub-edge Mo atoms and
3p orbital of the outmost S atoms at the bottom edge,
while the band I is mainly dominated by d orbitals
of the sub-edge Mo atoms at the top edge. Moreover,
the symmetry of two bands is completely opposite,
namely, the bands I and I have odd and even parities
under the xz midplane mirror operation, respectively,
leading to the transmission be forbidden from LE to
RE,”?] and form the transmission gap in the energy
region [0.015€eV, 0.035¢eV] in the AP MC.

Spin-up band I Spin-down band II

2alb Wl s alk 3
,L\’/L\v, \A\\k'\{l\ A \_)\,/ \FK‘.,
YV R Yy T
A\’/‘L\" Ll\('» ,L\’/\\’ k~}<'~
Y | ®||XY | X
o ¢

L-&Il; 4\’,&7 - T
S [Ny ]

<«—0

Fig.5. Calculated Bloch wave function for bands I (a)
and I (b) at the I" point. The isosurface level is taken as

0.2/(A3-6V).
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Fig.6. (a) Calculated total thermal current for the P

and AP MCs with 7y, = 300K at different AT. (b) The
calculated MR versus AT with 71, = 300 K.

Since there is a large transmission gap around Fp,
both the spin-up and spin-down transmissions are al-
most bilaterally symmetric in the vicinity of Er. Then
one can expect that both the thermally driven spin-up
and spin-down currents are close to zero. In Fig. 6(a),
we present the total thermal current (sum of I, and
I4,) for the P and AP MCs with 71, = 300K at dif-
ferent AT. It is clear that the total thermal cur-
rent in the P MC is much larger than that in the
AP MC, and actually, the total thermal current in
the AP MC is almost completely blocked. As a re-
sult, a thermal giant magnetoresistance (GMR) ef-
fect can be realized when the spin magnetization of
RE switches between the P and AP MCs. The ther-
mal GMR effect can be quantitatively evaluated by
the magnetoresistance ratio (MR), which is defined as
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MR = [(|IP‘ — |IAP|)/|IAP|] X 100%, where Ip and IAp
are the total thermal currents in the P and AP MCs,
respectively. Figure 6(b) plots the MR versus AT. As
one can see, the MR is higher than 10*%.

In conclusion, we have investigated the spin
caloritronic transport properties of (2x1) re-
constructed ZMoSsNRs using the first-principles
DFT+NEGF method. Our results show that ob-
vious spin Seebeck effect can be observed in these
systems. The reason can be attributed to the asym-
metry of the spin-resolved transmission spectra about
FEr, which breaks the electron—hole symmetry. More-
over, by tuning the external magnetic field, a thermal
giant MR up to 10*% can be achieved. These results
demonstrate that (2x1) reconstructed ZMoS;NRs are
promising candidates for spin caloritronic devices.
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