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ABSTRACT

Based on the density-functional theory (DFT) combined with nonequilibrium Green’s function (NGF), this paper
investigates the effects of either single aluminum (Al) or single phosphorus (P) atom substitutions at different edge po-
sitions of zigzag-edged silicene nanoribbons (ZGNRs) in the ferromagnetic state on the spin-dependent transport prop-
erties and spin thermoelectric effects. It has been found that the spin polarization at the Fermi level can reach 100% or
—100% in the doped ZSiNRs. Meanwhile, the spin-up Seebeck effect (for —100% case) and spin-down Seebeck effect
(for 100% case) are also enhanced. Moreover, the spin Seebeck coefficient is much larger than the corresponding charge
Seebeck coefficient at a special doping position and electron energy. Therefore, the study shows that the Al or P doped
ZSiNRs can be used to prepare the ideal thermospin devices.

Keywords: Silicene Nanoribbons; Doping; Spin Seebeck Coefficients

ARTICLE INFO 1. Introduction

Received: 10 August 2021 Since graphene was successfully prepared by mechanical method

Accepted: 4 October 2021 . . .

Available online: 9 October 2021 for the first time in 2004, people have become more and more interest-
ed in other two-dimensional honeycomb structural materials'’. Among

COPYRIGHT .- Lo .- .
them, silicone material is such a structure-silicon atoms of two-di-

Copyright © 2021 Jiali Song, et al. mensional hexagonal lattice. Unlike graphene with planar structure,

EnPress Publisher LLC. This work is licensed

under the Creative Commons Aftribution- because the distance between silicon atoms is farther than that between

NonCommercial 4.0 International License carbon atoms, therefore, silene has a low degree of fold structure, and

(CC BY-NC 4.0). ; . . . 2] .

https://creativecommons.org/licenses/by- the distance between its two silicon atoms is about 0.44 A Its unique

nc/4.0/ eometry brings many interesting properties, such as quantum Hall ef-
g ry g y g prop q

fect'”, large spin orbit interaction' and mechanically adjustable energy
gap". Similar to graphene, in the Fermi level and zero band gap struc-
ture, silene has a semi metallic low energy state. Although spin orbit
coupling can open an energy gap at the Dirac energy point, its value is
only 1.5 meV"!. However, from the perspective of application, we need
to open a relatively large energy gap. Silene nanoribbons provide a fea-
sible method. Recent experimental studies have confirmed that one-di-
mensional silene nanostructures can be prepared'. Similar to graphene
ribbons, silene nanoribbons also have two types of edges, namely ser-
rated silene ribbons (ZSiNRs) and armrest silene ribbons (ASiNRs).
Hydrogen saturated armrest nano ribbons can behave as semiconduc-
tors and metals according to the change of their length. However, the
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ground state of hydrogen saturated sawtooth silene
nano ribbons is the boundary antiferromagnetically
coupled semiconductor state'
the transverse electric field, for boundary doping
with phosphorus or nitrogen atoms in the serrated si-

lene nanoband, its magnetic semiconductor state can
u)

. Under the action of

be converted into a semimetallic state

Recently, molecular dynamics studies have
shown that the boundary hydrogen saturated silene
nanoribbons have very good stability, and their ge-
ometry even exists under 800 K temperature'. This
shows that hydrogen saturated silene nanoribbons
can be used to prepare very stable thermoelectric de-
vices. Based on the first principle method, Zberecki
et al. found that due to a conductivity gap on the Fer-
mi surface, its conductivity is extremely suppressed.
Due to the inverse relationship between Seebeck
coefficient and conductivity in the low temperature
region, it leads to the great increase of its thermo-
electric coefficient”. In addition, with the maturity
of spin detection technology, people can detect spin
current through spin Hall effect. In 2008, the phe-
nomenon that a spin flow can arise when a tempera-
ture gradient is applied at both ends of the magnetic
metal Ni81Fel9 connected to the Pt line was found
by Uchida et al"'”. Similar to the traditional charge
thermoelectric effect, this effect is called “spin See-
beck effect” or “thermal spin effect”. This pioneering
experiment has stimulated a large number of relevant
theoretical and experimental studies'"' . When the
silene nanoribbons are in the boundary ferromagnet-
ic coupling state, they exhibit spin degenerate metal
behavior at the Fermi plane. Because the boundary
antiferromagnetic state shows semiconductor behav-
ior, such a large magnetoresistance behavior can be
found"*.

In this paper, the spin thermoelectric effect of
single aluminum (Al) or phosphorus (P) atomic
boundary instead of doped ZSiNRs double probe
structure will be studied in the first principle (see
Figure 1). This device consists of the left electrode
part, the intermediate scattering region, and the right
electrode part. The width of ZSiNRs is 6. We con-
sider four different boundary doping positions and
find that for Al atom doping, the spin polarization at

the Fermi plane is close to —100% at the second and
third positions, but it is just the opposite for P atom
doping. The results show that for phosphorus atom
doping, at position 3, the spin polarizability at the
Fermi surface reaches 100%. The main reason is that
there are transmission nodes at the Fermi surface. At
the same time, the spin thermoelectric coefficient at
the Fermi is also significantly strengthened By ad-
justing the electron energy, the spin thermoelectric
coefficient of doped ZSiNRs can be similar to or
even greater than the charge thermoelectric coeffi-
cient.

2. Model establishment

Bilateral monohydrogenated ZSiNRs are used
as the original package of the nano system, and the
bandwidth is generally taken as 6. Using VASP soft-
ware package, we first optimized the FM state single
package structure of hydrogenated ZSiNRs, and the
cut-off energy is taken as 360 eV"”. The exchange
correlation function adopts generalized gradient
approximation (GGAPBE). The maximum force
per atom does not exceed 0.01 eVA™'. After geo-
metric optimization, based on the original package
structure, this paper designed a nano double probe
system as shown in Figure 1. The boundary Si at-
oms are saturated with H atoms. The Si atoms with
middle marks 1-4 in the middle scattering region
are replaced with other atoms respectively (i.e. only
one Si atom is replaced for each doping). The atoms
replaced in this paper include Al and P. Here, for
simplicity, Al doped silene nanoribbons are referred
to as AI-ZSiNRs; P-doped silene nanoribbons are ab-
breviated as P-ZSiNRs.
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Figure 1. A spin device structure composed of 6-ZSiNRs. The
box on the left represents the left electrode and the box on the
right represents the right electrode. 1-4 in the figure represents
different doping positions in the scattering region. The large ball
represents Si atom and the small ball represents H atom.
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In this paper, a software package Atomistix
Toolkit (ATK) based on nonequilibrium Green’s
function and density functional theory is used to
complete the calculation and Simulation of the
electron transport process of the system. The sys-
tem optimization adopts Newton optimization. The
exchange correlation function adopts generalized
gradient approximation (GGA), and the basis vector
adopts DZP (Double Zeta Polarized). The size of the
contracted Brillouin area is set to (1, 1, 100). In or-
der to avoid the interaction between images, the vac-
uum layer is taken as 15 A and the energy truncation
radius is taken as 150 Ry.

The electron transmission coefficient of the ei-
genenergy of E is:

T

o

(E)y=T/T(E) G(E)T{E)G(E) |, (1)

Here I} z(E) is the wire width function of the
central center coupled to the left/right wire, o is the

o

spin exponential index and E is the energy. Gy, (E)
is the delayed and advance Green function of the
central scattering region and can be calculated by

equations G, =[E1—H +i[,, + T, )/2] ' and G% =[Gr! ]

. I is the unit matrix and fllﬂis the Hamiltonian of the
central scattering region.

The spin polarizability at the Fermi plane can be
defined as:

T.—T
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In order to study the spin thermoelectric effect,
we give the expression of spin dependent Seebeck
coefficient in the linear region:
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the Fermi Dirac distribution function. Spin Seebeck
coefficient is expressed as S, = (S; — S,)/2, and the
corresponding charge Seebeck coefficient is S, = (S,
+8))2,

3. Results and discussion
Formula (3) can be reduced at low temperatures
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The formula (4) shows that the spin-dependent

S, (W= @

T(J

Seebeck coefficient and transmission odds are pro-
portional to the slope of the energy, and inversely
proportional to its size. Figure 2(a) shows the trans-
mission spectrum of pure ZSiNRs in the energy
range [-2 eV, 2 eV]. It can be seen from Figure 2(a)
that the complete ZSiNRs shows typical metal be-
havior, that is, the transmission function value near
the Fermi level (£ = E. = 0), 7(E) = 1 is a constant.
The upper and lower spin channels are almost degen-
erate. For the spin-up channel, a peak is generated in
the energy £ — E; = —0.2 eV region, and its transmis-
sion function value is 7,(E) = 3. For the spin-down
channel, a peak is generated near the energy £ — E
~ 0.1 eV, and its transmission function value is 7,(E)
~ 3. Figure 2(b) shows the relationship between the
spin-dependent thermoelectric coefficient S, and the
chemical potential u for the pure ZSiNRs. Here the
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Figure 2. The transmission spectrum and thermal power coefficients of the full ZSiNRs at zero bias. (a) For the 7Tj-energy relation

diagram, (b) and (c) for the absolute value of the spin-correlation thermoelectric coefficient Sc and the spin (charge) Seebeck coeffi-

cient for the pure ZSiNRs [Sy|(|S]).
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temperature is taken as 300 K. We find that with the
change of chemical potential y, the spin-associated
thermoelectric coefficient S, of the full ZSiNRs (FM
state) is significantly enhanced at the position where
the transport function has mutations. The spin polar-
izability at the Fermi surface is close to zero and its
Seebeck coefficient is very weak. The main reason is
that the slope of the transmission probability at the
Fermi surface is almost zero.

Figure 3 shows the spin dependent transmission
spectra of ZSiNRs with different doping types and
doping positions. From the figure, we can see that
when ZSiNRs is doped, the upper and lower spin
electron transport characteristics appear non-degen-
erate phenomenon, and the non-degenerate phenom-
enon shows different behavior with different doping
positions (position 1 turns to 4 in turn). There are
some conductivity troughs on both sides of Fermi
level (also known as local quantum state). The trans-
mission spectrum of doped ZSiNRs is related not
only to the spin direction, but also to the type and
position of doping. As shown in Figures 3(a) and (b),
when the edge of pure ZSiNRs along Si atom (Fig-
ure 1, position 1) is replaced by Al or P atoms, the
metal behavior near the Fermi level remains almost
unchanged, and the spin degeneracy phenomenon
is still obvious. For spin-up electrons both doping
causes a conductance trough at energy slightly below
E, and for spin-down electrons a similar narrow de-
crease at energy slightly above E, there was a more
pronounced decrease near the |E — E | = 0.5 eV, with
a decrease in the transmission function of both the
upper and lower spins. When the doping position is
moved to position 2 in Figure 1, the transmission
spectrum of Al-ZSiNRs in Figure 3(c¢) changes more
obviously, and its spin degeneracy is destroyed. At
the Fermi level (£ — E, = 0), the upper spin trans-
mission function of Al doped ZSiNRs is obviously
suppressed, while the lower spin transmission func-
tion remains unchanged. Figure 3(d) shows that the
transmission function of P-ZSiNRs is just the op-
posite here. Compared with the change of the trans-
mission spectrum of doped ZSiNRs at position 1,
the spin dependent local quantum state of P-ZSiNRs
near £ — E, = —-0.5 eV disappears; while the spin de-
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pendent local quantum state of AI-ZSiNRs near E —
E;= 0.5 eV disappears, and there are more narrow
falling states near £ — E, =~ —0.5 Ev. When the doping
position moves to position 3, the spin degeneracy of
the transmission spectra of AI-ZSiNRs or P-ZSiNRs
in Figures 3(e) and (f) is further destroyed, and the
former is more obvious. Interestingly, at the Fer-
mi level (£ — E = 0) nearby, the inhibition of the
upper-spin transmission function of AI-ZSiNRs in-
tensifies, 7, = 0, that is, the spin upward behavior of
ZSiNRs changes from metallicity to insulation, while
the lower-spin transmission function remains un-
changed; its spin polarizability even reaches —100%.
The case of P-ZSiNRs transmission function is just
the opposite. Its spin polarizability can be close to
100%. Similarly, the transmission function of Al-
ZSiNRs at £ — E. = 0.5 eV also has a trough, while
the trough of P-ZSiNRs appears at £ — E» = 0.5 eV.
When the doping is further to position 4, for the two
spin channels, the transmission function of doped
ZSiNRs shows cash properties near the Fermi level,
and the metal behavior of the system is restored.
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Figure 3. Transmission spectrum of the ferromagnetic state
ZSiNRs doped with Al (left) and P (right) at zero bias. Black and
red lines are represented, upper spin and lower spin electrons,
respectively. The left and right columns represent the ZSiNRs
transmission spectra at different doping positions of Al and P,
respectively.



Figure 4 and Figure 5 show the relationship be-
tween the spin-dependent thermoelectric coefficient
S, and the spin (charge) Seebeck coefficient S/(S.)
and the chemical potential ¢ of the ZSiNRs for dif-
ferent doping positions and types, respectively. Here,
the temperature T = 300 K. For each spin channel
of the pure silene band, the transmission spectrum
is spin-degenerate. Since 7Tx-p, =1 and 7'(E;) = 0,
S, = 0, near the transmission probability node, the
corresponding spin thermoelectric effect is signifi-
cantly strengthened. For example, when the doping
position is 1, both the spin-dependent thermoelectric
coefficient S, of Figure 4(a) at u = 0.2 eV and (b)
P-ZSiNRs at ¢ = -0.5 eV, ZSiNRs is enhanced. Only
the positions of the positive maximum and negative
maximum of S, and §| are slightly different, which
leads to the obvious strengthening of the spin ther-
moelectric effect, which is comparable to the cor-
responding charges (as shown in Figures 5(a) and
(b)). However, the thermoelectric effect at the Fermi
plane is relatively weak. With the doping position
moving to position 2, the S corresponding to the u =
0 of Al-ZSiNRs is significantly strengthened, but S|
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Figure 4. Spin-dependent thermoelectric coefficient function Sc
of chemical potential p for the ferro ZSiNRs of Al (left) and P
(right) at zero bias. Black and red lines represent upper spin and
lower spin electrons, respectively. The left and right columns
represent ZSiNRs at different doping positions of Al (left) and P
(right), respectively.

maintains a relatively weak value. The main reason
is that there is a node in the spin upward transmis-
sion probability at about 0.05 eV on the Fermi plane.
Since the slope of 7, at the Fermi plane is positive,
according to the formula (4), its value should be neg-
ative, which is in good agreement with our numer-
ical results (as shown in Figure 4(c)). While 4(d)
P-ZSiNRs shows that the spin dependent thermo-
electric effect is relatively weak at u = 0.
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Figure 5. Ferromagnetic ZSiNRs (N = 6) doped with Al (left
column) and P (right column) at zero bias with respect to chemical
potential x. The spin (charge) thermoelectric coefficient function
IS|(|S..}). The black line and red line represent |S | and |S |. The left
and right columns represent |S,[(|S.|) of ZSiNRs at different doping
positions of Al (left) and P (right) respectively.

However, when the doping position is moved
from position 2 to position 3, it can be seen from Fig-
ures 4(e) and (f) that in the AI-ZSiNRs (P-ZSiNRs)
system u = 0, S,(S)) is greatly enhanced, but §,(S,)
is almost zero, resulting in |S,| = |S,| (as shown in
Figures 5(e) and (f)). When the doping position is
moved to position 4, the spin related thermoelectric
effect becomes relatively weak because the semi me-
tallic property at the Fermi plane is transformed into
metal property. Looking at Figure 5(g), we find that
for Al-ZSiNRs, at energy u =~ —0.3 eV, there is a high
spin thermoelectric effect, while the corresponding
charge thermoelectric coefficient is very small, al-
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Figure 6. Chemical potential is fixed under zero bias voltage » = —0.3 eV, when the doping position is 4, spin dependent thermoelec-
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tric coefficient S, of AI-ZSiNRs spin (charge) thermoelectric coefficient |Sg|(|S¢|) versus temperature.

most zero. Therefore, we fix the chemical potential u
= -0.3 eV, and calculated the AI-ZSiNRs relation of
S, and |S,|(|S.]) with temperature T. The temperature
range is taken as [0, 400 k] (as shown in Figure 6).
As the temperature T changes from 0 to 400 K, the
signs of S, and S, are opposite, and |S,| changes little
in the whole temperature range, and its value is al-
most zero. Therefore, for the nano equipment based
on ZSiNRs, we can obtain an almost ideal pure self-
swirl generation device by doping Al atoms in spe-
cific parts.

4. Conclusion

We propose a spin thermoelectric device com-
posed of doped silene nanoribbons (ZSiNRs). Here,
the doping method of ZSiNRs is to replace the Si
atom at the edge with Al and P atoms. We find that
due to AI(P) doping, some spin up (down) quantum
states appear near the Fermi level, which leads to
the spin polarizability close to —100% (aluminum
atom doping) and 100% (phosphorus atom doping).
In addition, the thermoelectric coefficient of doped
ZSiNRs, including spin dependent thermoelectric co-
efficient and spin (charge) thermoelectric coefficient,
has been significantly strengthened. While Al atom
doping at a specific position can obtain an ideal pure
self-swirling thermoelectric device.
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