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Nanoribbons based on low-dimensional materials are potential candidates for nanoscale spintronics devices. Here, some fer-
romagnetic silicene nanoribbons with zigzag and Klein edges (N-ZKSiNRs) are constructed. It is demonstrated that the N-
ZKSiNRs with various widths (N) are placed in various spin-resolved electronic situations. With the increase of the width
parameter N from 4 to 19, the N-ZKSiNRs pass from the indirect-gap bipolar magnetic semiconducting state (BMS) to the bipolar
spin-gapless semiconductor (BSGS) and eventually to half-metallicity (HM). Moreover, applying a temperature gradient through
the nanoribbons leads to spin-dependent current with the opposite flowing and spin orientations, demonstrating the spin-
dependent Seebeck effect (SDSE). Besides, it was found that the BSGS phase is superior to the BMS and HM for generating SDSE.
These findings confirm that the ZKSiNRs are promising choices for spin caloritronics devices.

1. Introduction

As a combination of spintronics and thermoelectronics, spin
caloritronics performs an essential task in the growth of
basic sciences and new low-power consumption technolo-
gies [1-6]. Many advanced influences have been discovered
in spin caloritronics in recent years, such as the spin-de-
pendent Seebeck effect (SDSE) [7-10], thermal spin-filtering
effect (TSFE) [11-13], the spin-Seebeck diode effect [14-20],
and the thermal giant magnetoresistance effect (TGMRE)
[21, 22]. To date, various studies have been performed
around the mentioned effects in the graphene, silicene, and
black phosphorus nanoribbons with armchair or zigzag
edges. For example, Zeng et al. [3] indicated that a tem-
perature discrepancy between the drain and the source could
produce opposite spin currents in magnetized zigzag gra-
phene nanoribbons (GNRs). Yang and colleagues verified
the thermal spin transport features of zigzag-edged silicene
nanoribbons (ZSiNRs) and demonstrated that they could
have a huge thermal magnetoresistance and a high TSFE

[23]. In our past studies, we utilized GNRs and silicene
nanoribbons (SiNRs) with armchair or zigzag edges to
construct spin caloritronics devices and realize marvelous
thermal spin transport features such as SDSE [15, 24-26] and
TSFE [24-26]. However, it was indicated that the analysis of
the SDSE on zigzag SiNRs (ZSiNRs) with reconstructed
edges, i.e., the Klein edge and the pentagon-heptagon, is rare.
Indeed, these two kinds of reconstructed edges for zigzag
GNRs have been seen during the experiments [27, 28], and
their substantial impacts on the electronic structures and
magnetic states of ZGNRs have been demonstrated theo-
retically [29, 30]. Especially, Ding and Wang [31] found that
the silicene nanoribbons with zigzag and Klein edges are
more stable than unreconstructed zigzag edges under the
medium and H-rich environments. Therefore, in the current
work, the thermal spin-related transport characteristic and
electronic structures of ZKSiNRs were investigated based on
ab initio computations incorporated with nonequilibrium
Green’s function technique and demonstrated that the
ZKSiNRs could have stable ferromagnetic states, and the
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SDSE could also be achieved. According to the obtained
results, ZKSiNRs can be adopted to construct spin calori-
tronics devices.

2. Calculation Method and Model

Here, the device designs and theoretical methods are briefly
introduced. The N-ZKSiNRs in the present designs have one
zigzag edge and one Klein edge (see Figures 1(a) and 1(b)),
while two H atoms saturate both edges. The number of Si
rows through the ZSiNR width is indicated by N, which
changes from 4 to 19. As presented in Figure 1(c), two-probe
spin caloritronics devices were constructed using the
N-ZKSiNRs (say N =4). The right and left contacts are semi-
infinite ZKSiNRs, while the mid-dispersion area includes
five modules of ZKSiNRs. We concentrate on the spin
currents driven through the temperature gradient, AT, be-
tween the source temperature T1 and the drain one Ty, i.e.,
AT: TL - TR'

All the computations were accomplished with the
Atomistix ToolKit (ATK) package [32], implementing spin
density functional theory incorporated with nonequilibrium
Green’s function approach. The double-zeta-polarized
(DZP) basis set was adopted to accomplish the geometry
optimization and electronic structure computations, while
the generalized gradient approximation method [33, 34] was
utilized to obtain the exchange-correlation potential. The
cutoff energy was chosen as 75 Hartree, while a Mon-
khorst-Pack 1x1x100 k-mesh was selected. In the Lan-
dauer-Biittiker formulation, the spin-related currents of the
devices were determined with the following equation [35]:

e oo
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where e refers to the electron charge, h indicates the constant
of Planck, and Ty stands for the left (right) electrode’s
temperature. fr(z) (E, Trr)) describes the left (right) elec-
trode’s mean Fermi-Dirac distribution:

-1
fL(R)(E,TL(R)):{1+exp|:E_k1“L(R) ]} i (2)
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where p; ) describes the left (right) electrode’s chemical
potential and k stands for the Boltzmann constant. 'V (E)
denotes the spin-related transport coefficient, which is ob-
tained as

T'W(E) = Tr[[,G'TxG"], (3)

where G"@ stands for Green’s function retarded in the
midarea, while I'; () denotes the coupling matrix for the left
(right) electrode.

3. Results and Discussion

First, we certify the magnetic ground state of the N-ZKSiNRs
(N=4-19). To this end, we take into account the total en-
ergies of three different magnetic phases, i.e., nonmagnetic
(NM), antiferromagnetic (AFM), and ferromagnetic (FM)
phases. The energy difference Epp=Epy—Eapm and
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FIGURE I: (a, b) Optimal structure of the N-ZKSiNRs (say N=4 and
5), in which silicon and hydrogen atoms are described by the gold
and white balls, respectively. (c) Schematic description of the
thermal spin device using N-AGNRs (say N=4).

EFN = EFM - ENM) where ENM) EAFM) and EFM eXpreSSing the
total energies of NM, AFM, and FM phases between two
edges of the silicene nanoribbons, are shown in Figure 2(a).
It is clear that all Ezy and Epy are less than zero. These
calculated results demonstrated that the FM state is the
ground magnetic state of the N-ZKSiNRs (N =4-19). Then,
the band structures of the N-ZKSiNRs (N=4-19) were
verified, as presented in Figure 3. The band structures of
nanoribbons vary significantly with the increase of N. For
N=4-8, the conduction band minimum (CBM) depended
on the spin-down states and was located in the line of I'-Z,
above the Fermi level (Ep), and the spin-up states below Eg
are considered the valence band maximum (VBM) and
located in the line of T'-Z at different points of the CBM. The
valence and conduction bands have reverse spin polarities
when they tend to Er. Besides, the spin-related bands of these
ZKSiNRs have narrow gaps near Eg. The mentioned features
demonstrate that the above ZKSiNRs are in the indirect-gap
BMS [36-40]. The ferromagnetic formation is kept un-
changed while increasing the nanoribbon width, while the
band structures around the Fermi level vary significantly.
For N=9-16, both the VBM of the spin-up channel and the
CBM of the spin-down channel lie at the line of I'-Z with
different points, and the bandgaps are less than 0.1 eV. Based
on the studies performed by Wang [41] and Hu et al. [42],
the bandgap near 0.1 eV or smaller than 0.1 eV can be de-
scribed as “gapless.” Therefore, the band structure can be
considered as gapless, indicating that these ZKSiNRs exhibit
a BSGS status. For N=17-19, the spin-up bands display
semiconducting features as the spin-down ones are metallic.
The mentioned ZKSiNRs are normally half-metallic (HM)
and can be utilized to construct high-efficiency thermal spin
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FIGURE 2: (a) The energy difference Egy - apy and Egyy - v of the N-ZKSiNRs (N =4-19). (b) Change in the bandgap energy in terms of the

width of the N-ZKSiNRs (N =4-19).

filters. To further confirm the HM state, we calculated and
displayed the spin-dependent charge densities of the
ZKSiNRs (N=17-19), as shown in Figure 4. Note that the
major contribution to the states on the Fermi level is due to
spin-up electrons, confirming the HM state. To summarize,
ZKSiNRs can have three states while increasing the width,
including the indirect-gap BMS, BSGS state, and HM state,
as shown in Figure 2(b).

In order to explore SDSE, thermal spin transport features
of ZKSiNRs should be verified. Figure 5 presents the spin-
related currents within the N-ZKSiNR (taking N=4, 9, 16,
and 19 as an example) devices versus Ty and AT. For the 4-
ZKSiNR device, there are no spin-up currents (I,,) when
T; <200 K and no spin-down currents (I4,) when Ty <250 K
for three AT values, indicating that no thermal-caused spin-
related currents are produced in these ranges of T for
various values of the temperature difference (AT). This
means that there exists a threshold temperature Ty, at
around 200K for I, and 250K for Ig,, respectively. When
T, > Ty, both I, and Iy, grow significantly with the increase
of T;. Nevertheless, their orientations are opposite, i.e., I is
negative, while Iy, is positive. This is certainly due to the
SDSE [14, 16, 22]. Moreover, by increasing the value of AT,
the spin-related currents increase as well. The spin-related
currents in terms of AT curves are presented in Figure 5(b),
for Ty =300, 350, and 400 K. These curves demonstrate that
the spin-related currents are approximatively symmetric
around the zero-current axis and strong within a wide
domain of temperature gradients. Accordingly, the spin-
related currents in terms of AT curves can confirm the SDSE.
Although the devices of 9-ZKSiNRs and 16-ZKSiNRs have
similar rules with 4-ZKSiNRs, they have smaller T, and
larger I, and Ig,, as shown in Figures 5(c)-5(f). Besides, as
shown in Figures 5(g) and 5(h), I, of the 19-ZKSiNR device
has similar rules with 4-ZKSiNRs, while Ty, for I,,,, is equal to
zZero.

In order to explain the physical mechanism of the above
phenomena, the corresponding spin-related transmissions
of N-ZKSiNRs are presented in Figure 6, taking N=4, 9, 16,
and 19, for example. For 4-ZKSiNRs (shown in Figure 6(a)),
the spin-up and spin-down transmissions are approximately
distributed symmetrically in the downside and upside of the
Fermi level, providing two independent spin-conducting
channels. According to formulas (1) and (2), the spin-de-
pendent currents depend on the transmission spectra and
the difference of the Fermi-Dirac distribution between two
electrodes. The number of electrons with energies higher
than the Fermi level flows from the hotter electrode to the
lower one because the electron distribution of the hotter
electrode is higher than that of the lower one, causing a spin-
down current. For the same reason, the number of holes with
energies lower than the Fermi energy flows from the hotter
electrode to the lower one, too, causing the spin-up current.
Therefore, applying a temperature gradient across the
nanoribbons leads to opposite flow orientations for the spin-
down and spin-up currents, demonstrating the appearance
of the SDSE [14, 16], as presented in Figures 5(a) and 5(b).
For 9-ZKSiNRs and 16-ZKSiNRs (shown in Figures 6(b) and
6(c)), the spin-dependent transmissions have similar char-
acteristics with N=4, except for the smaller bandgaps,
resulting in smaller Ty, as shown in Figures 5(c)-5(f).
Therefore, the SDSE can also be obtained. For 19-ZKSiNRs
(shown in Figure 6(d)), there is just a single spin channel
crossing the Fermi level, indicating the related HM and
thermal spin-filtering features. However, the TSFE is weak,
and the SDSE occurring for the bandgap of the spin-up
electron is tiny. It was found that Ty, has a positive corre-
lation with the bandgaps, i.e., the bigger the bandgaps, the
larger Ty, This rule implies SDSE in larger temperature
ranges and larger spin-dependent currents in BSGS mate-
rials than BMS materials. Therefore, the following conclu-
sion can be drawn: (i) the BSGSs with zero bandgaps are the
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FIGURE 3: Spin-dependent band structures of the N-ZKSiNRs (N=4-19). The black and red lines represent spin-up and spin-down
electrons, respectively.
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FIGURE 4: Spatial electronic charge distribution (up + down) (a, ¢, e, and g) and spatial spin distributioon (up —down) (b, d, f, and h). The
purple (light blue) surface represents the spin-up (spin-down) density. The value of isovalues is 0.10 pp/A” in cases (a, ¢, e, and g). The value
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FIGURE 6: Spin-related transmission spectra of the N-ZKSiNR devices: (a) N=4, (b) N=9, (c) N=16, and (d) N=19, in which spin-down

and spin-up are described by the solid black and red lines.

ideal candidate materials for generating SDSE; (ii) the HMs
with one bigger bandgap are the ideal candidate materials for
generating TSFE.

4. Conclusion

In short, the electronic structures and thermal spin-re-
lated transport features of some N-ZKSiNRs were verified
through first-principle computations incorporated with
nonequilibrium Green’s function. Firstly, it was dem-
onstrated that the N-ZKSiNRs move from an indirect-gap
BMS to the BSGS state and finally to the HM one by
increasing the nanoribbon width variable N from 4 to 19.
Secondly, the SDSE can appear by generating a tem-
perature gradient using the mentioned ZKSiNRs. Finally,
BSGSs with zero bandgaps and the HM with one bigger
bandgap are ideal candidates for generating SDSE and
TSFE, respectively. Generally, the mentioned discoveries
demonstrate that N-ZKSiNRs can be utilized to construct
thermal spin nanodevices.
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