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In this paper, we expand our previous paper [Mod. Phys. Lett. B 32 (2018) 1750355] from the
calculation of planar graphene with one band (p;) to the calculation of two-dimensional buckled
group-IVA materials with multiple bands (S, px, py, and p.); thus, the proposed method is a full-
band model. Furthermore, the proposed method is established using a nonequilibrium Green’s
function (NEGF) method in association with the complex energy-band technique, so it is in the
full-quantum framework. Unlike other methods, the proposed method is noniterative and thus
computationally cost-efficient.

1. Introduction

The graphene, which is regarded as a semimetal or zero-gap semiconductor, possesses a two-
dimensional (2D) honeycomb structure of carbon atoms, and it has attracted tremendous interest
owing to its unique properties.! > Therefore, graphene is considered as a promising material
for future research. However, its zero energy gap has been widely regarded as an obstacle to
its application in next-generation nanoelectronics. Therefore, material researchers have tried
to solve the zero-gap problem by using new 2D honeycomb materials from other elements in
group-IVA of the periodic table. Firstly, many investigations have shown that 2D silicene>
and germanene,>> which are the graphene-like analogues of silicon and germanium,
respectively, have promising applications in nanoscale electronic devices. The last research in
this field is related to the 2D honeycomb lattice of a Sn monolayer, commonly referred to as
stanene.*®)

Graphene possesses a planar 2D honeycomb lattice of carbon atoms with z-bonding. In
contrast to graphene, other 2D layered group-IVA materials possess a buckled structure in the
honeycomb lattice, which leads to partial sp3 hybridization of an electronic configuration.(4)

The buckling of a honeycomb lattice enhances the hybridization between 7 and o orbitals.®)
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Notably, owing to the enhancement of sp® hybridization with increasing group-IVA atomic
number, out-of-plane buckling of the honeycomb lattice is enhanced. Buckled 2D materials
possess a stronger spin-orbit coupling (SOC) interaction, which gives rise to a band gap between
conduction and valence bands.*”) A small band gap is one of the most important differences
of silicene and germanene from graphene.®) For stanene, its relatively large buckling and thus
its stronger SOC interaction open an obvious energy gap in the energy band diagram,m which
solves the zero-gap problem for planar 2D nanostructures.

The nonequilibrium Green’s function (NEGF)®! method is the most powerful method
for solving the quantum transport problems of nanoscale electronic devices. In the past, many
studies have shown that the NEGF can be solved by a recursive (or iterative) technique. ™18 A
recursive technique may finish this job or not (divergence), while one of the disadvantages of
this technique is the slow convergence in the iterative steps. Moreover, another technique for
obtaining the NEGF is based on the calculation framework of the Dyson equation, which was
proposed by Caroli et al " and others.?°2? One of the disadvantages of the Dyson equation
is the difficulty to dispose the miscellaneous boundary conditions. However, the disadvantages
of the recursive and Dyson techniques can be overcome by the method proposed in this paper,
which a complex energy-band framework in association with the NEGF approach.*-2%)

In this paper, the properties of zigzag-edged group-IVA nanoribbon (z4ANR) structures
such as the density of states (DOS), transmission coefficient, and conductance will be explored
by the proposed technique.

2. Theoretical Methods

The z4ANR sample considered in this paper possesses N zigzag lines and has a central
channel region composed of / atomic layers denoted by o = 1, 2, ..., [, as shown in Fig. 1. It is
supposed that flat-band cases occur in the left-side incoming (¢ < 0) and right-side outgoing
(0 >1+ 1) regions, which are located outside of the central channel region.

In this study, the theoretical model 4 of a monolayer group-IVA element structure is a tight-
binding calculation based on the aﬁ (o = s, x, y, z) orbital, where £ is an A4 or B sublattice, and
the electron spin 7 is along the up (1) or down (]) direction. Therefore, the Hamiltonian of these
monolayer group-IVA elements can be expressed in 16 x 16 matrix form with the a;; orbital,
which is presented in Appendix A.

2.1 Hamiltonian matrix and state function of zZ4ANRs

In the flat-band case, the state function |kL> of a zZ4ANR, which has N zigzag lines, is a
combination of the 16/ tight-binding basis | &, , /, az >, which can be written as

|kl>—2 > ZZ iapa kDKL Joap >, )

Ya=s.x,y,z j=1=4,B

where b;, 5. specifies the expansion coefficient, a} denotes the a orbital of the group-IVA
element with electron spin 7 (= 1 or |) located at sublattice S (= 4 or B), j is the index of the N
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z4ANR-based transport device

-1 0 1 2 -1 6 o+l unit cell 11 I+

left contact central channel right contact

Fig. . (Color online) Geometric structure of z4ANR-based transport device (width, N zigzag lines; channel
length, / atomic layers).

adjacent zigzag lines in the transverse direction (||) of the zZ4ANR, and k, is the wave vector
directed along the z4ANR direction (). The electron energy E, which is shown as |k, E >
and bj . 5.(k, ,E), is omitted for brevity here. Furthermore, the tight-binding basis of a z4ANR
Hamiltonian can be expressed as

. 1 . [ .
kysjap > = EZGXP(Z’&M Vo, j,ap>, @
(e}

where Q denotes the normalization number, o specifies a layer label increasing along the |
direction, a’ denotes the spacing of two neighboring layers, and |0, j, 05’2» > denotes the 052;
orbital of the group-IVA element at lattice site (o, j). In the expression of the |k, j, af; > basis,
the zZ4ANR Hamiltonian H_, 4y (k; ), which possesses 16N x 16N matrix formalism, is written
in Appendix B. The state function of a zZ4ANR can also be expressed in the form of

b >=22"> o jape kDO jo g >, 3

o arj.p

where ¢, ; ﬁ,r(kj_):%bj,a, p.c(k )exp(ik, oa’). On the basis of the structure of Z4ANR

lattice points, the Hamiltonian of a z4ANR in the nearest-neighbor approach can also be
expressed as

Hz4ANR (kl) = HU,U—] eiikla' + HO',O' + H0',0'+1 e”kia‘ > (4)
where H,; ; and H; ;-1 are 16N % 16N matrices (see Appendix C), whose elements are written as

(Ho,a)j,a,ﬁ,‘r; ja g T <o, j’ 05,2 |(H_E) | o, j,s ag’ > (Sa)
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and

(Hcr, ail)j,a,/},r; jha plr = <o, J, a/ri |H|o=£1, j,a 05/'; >, (Sb)
respectively.

2.2 Complex energy-band structure of zZ4ANRs

The Schrodinger equation (H — E) |k, >=0 in a z4ANR structure can be expressed as*’ >”)

0 1 Co-1 :eikLa' Co-1 (6)
~H;' H, ~H,' oy Hy o | < ¢ |

o,o+ltto,0-1 o,0+1

where / denotes a 16NV % 16N identity matrix, a state function |k ¢> specifies the available plane-
wave states in the left and right regions, and ¢, can be expressed as a 16/N-length column vector
of coefficients whose components are denoted as cg,j,4. 4,4, 1.€.,

c = o . (7
C5 16N

According to Bloch’s theorem, the tight-binding coefficients must satisfy the relation

_ ik d
G =¢€ Co-1'
ik a'

To solve the eigenvalue (¢") of Eq. (6), we can obtain a set of 2 x (16N) real or complex

wave vectors {kL, aA=12,-- 32N } and their corresponding state functions ‘kl’ /1> for a given

electron energy E, which can yield an £ -k ,_,_3,, complex energy-band diagram.m’zs)
2.3 Hamiltonian matrix and wave function of zZ4ANR-based devices

In the z4ANR-based structure, the wave function of the Schréodinger equation
(H — E)|w >=0 can be written as

ly>=>altk)k >=2>>>ak)cyqpk)o, j,ap>, ®
k. o a,tj,pk

where a (k| ) denotes the amplitude coefficient of a zZ4ANR state function |kl > Therefore, the
wave function of the whole structure can be expressed in the form

lw>= D3> fojapcloniay>, )

o a,tj,p

where 15, 4.5 i z a(ky) ¢y j o po (ki ), which is electron-energy-dependent, i.e., f5j 4,5 (E).
kJ_
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The Schrodinger equation (H — E) |y >=0 can be expressed in the |0, j, 052 > basis form,

and thus we obtain the following combinative equation for the ath layer:?3%

HO',O'—lfO'—l + HO‘,O'fO' + H0',0'+1 o+l = 0, (10)
where H,, and H, 5+ can be written in the form of 16V x 16N matrices, as shown in Appendix C,
and f; is a 16N-length column vector whose components are f ;4 45.. Therefore, the Hamiltonian
matrix of the whole structure can be expressed as

0 0
) 0 Hyoor Hoio Hooo 0 :
H-El=| 0 Hyoy  Hyo  Hygn 0 (11)
: : 0 Hy o Honon Hopou
0 : 0 0 :

2.4 Boundary conditions solved by complex energy-band method

We rearrange the state functions ‘k 1 A=1-32 N> of the complex energy-band formalism, which
are obtained from Eq. (6). Therefore, the index of A = 1, 2, ..., 16N corresponds to the state
functions, which either propagate (k, real) or decay (  complex) to the right-hand side. On the
other hand, 4 = 16N + 1, 16N + 2, ..., 32N correspond to those which either propagate or decay
to the left-hand side.®>3? The boundary conditions are such that we have a known incoming
plane-wave state from the left contact, no incoming plane-wave state from the right contact, and
unknown outgoing transmitted and reflected plane-wave states in the right and left contacts,
respectively. For a given energy £ and for a given amplitude (here unity) of an incoming plane-
wave-like state (denoted by i) from the left, the wave functions in the left (L) and right (R)
contacts must satisfy the boundary conditions of this example, which can be expressed in terms

of the state functions of the complex energy-band structure as follows:?%39

) . 16N
s L>=lv' >+ >= L1k 0>+ alky aen: D)k jaey 51>, (120)
A=1
and
_ 16N
S
lws R>=y™ >=> a(ky ;;R)| ki, 3R>, (12b)
A=1

where /; denotes the known amplitude (here unity) coefficient of the incoming plane-wave-
like state function from the left contact, and a(k, ;; R) and a(k; ;,6y;5L) are the unknown
amplitude coefficients of the transmitted and reflected state functions, respectively. For
convenience, we use R and 3 to denote the outgoing waves that propagate (or decay) to the left
in the left contact and to the right in the right contact, respectively.
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We rewrite Eq. (9) as |y° >= ZZZ ff’j’a’ﬁ’rw', Js aé >, then we obtain the
(10,30,31) ocarj,p

[ ][+ g

where ¢ denotes I and R, which represent transmitted and reflected waves, respectively,

relation

[Bg]:[ca(ki,l) colkin) - colkyjon)Irs (14a)
[B 1=[co (kions1) Co(kiionen)  co(kison)lL, (14b)
a(/ﬂ,l)
- k
5| :L,z) 7 (15a)
alky 16n) |,
a(ky 16n+1)
atk; on) |,

The coefficients f; ;5. of the | o, j, a} > orbital in the right and left contacts can be acquired
through Egs. (13)—(15), which result in two boundary conditions,1%-3%-3D

[fzfz} = [31:12} |:Bl?rlj|_1 [ 1?1} ; (162)
)T (%) o

2.5 Schrodinger-like equation in the NEGF form solved by complex energy-band method

From Egs. (11), (12), and (16), we can obtain the Schrodinger-like equation for the active
region (0 < ¢ <[+ 1) in the NEGF framework as®!%-30:31)

{Hm —EI+3, +3, }{¢} ={s}, (17)

where the Hamiltonian in the active region (H,.), the boundary self-energies for the left (L)
and right (R) contacts (X g), the wave function {¢}, and the source term {S} are written in the
matrix form as
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HOO HO,I 0
Hl 0 ]_Il,l 1—11 2 0
AN
Ho —EI=| 0

2= [#1][81]
Tp= [H1+1,1+2] [B,‘ZZ] [3111 ] K )

R
fo

and

2.6 Applicative calculation using NEGF framework

The Green’s function of the whole device is expressed as

—1
G, =(E?—Hm -3, —ZRJ .

3713

(18)

(19a)

(19b)

(20)

@

(22)
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The Green’s function Gy is obtained, and then the transmission function T(E) is determined
by the trace of{1%3?

T(E)=T(E) M(E)=Tr[I;G,TxG}1. (23)

where T(E) is the product of the number of forward-propagating eigenstates M(E) and the
transmission probability T(E), I p =i(Z; g —ZJL“, r) 1s the broadening factor, superscript “+’
is the complex conjugate transpose, and 7r denotes the trace operator. Occasionally, M(F) is
referred to as the propagating channel or propagating mode.

The conductance G(E) of the device is obtained from the Fermi energy Er, and it can be

associated with the transmission function ?(E) as(12:32734)

2 _
G(Ep)= %T(EF) , (24)

where / denotes the Planck constant, e denotes the electron charge, and 2e%/h represents the
conductance quantum. Furthermore, the transmission function ?(E ) should be obtained at the

Fermi energy E using T(Ej) =Tr[1"LGdFRG;]E .
=Lp

If the Green’s function Gy is obtained, the DOS can be determined via(215:32)
1
DOS(E)=ET”[Gd(rL A (25)

3. Results and Discussion

Figures 2(a)-2(d) show the energy-band structures of monolayer group-IVA elements, which
are calculated by the tight-binding four-band technique with the SOC effect in the nearest-
neighbor approach. Furthermore, the tight-binding four-band results are in good agreement
with the first-principles results only for the valence and conduction bands in the low-energy
sections,(4) i.e., near the K points. Therefore, the four-band model used here can capture the
essential physics of monolayer group-IVA elements in the low-energy region reasonably well.

Graphene possesses a planar (6 = 90°) honeycomb lattice of carbon atoms, where @ is the
angle between the bond and the z direction. In contrast to graphene, other layered group-IVA
materials possess a buckled (6 # 90°) structure in the honeycomb lattice. 6 is 101.7° for silicene,
106.5° for germanene, and 107.1° for stanene.) The buckling in the honeycomb lattice enhances
the overlap between # and o orbitals. Therefore, the buckling in the honeycomb lattice leads to
partial hybridization between 7 and o orbitals, and thus partial sp® hybridization exists in the
orbital configuration. Furthermore, owing to the increasing sp> hybridization with increasing
group-IVA atomic number, the out-of-plane buckling of the honeycomb lattice is enhanced.
Owing to the low atomic mass of graphene, its intrinsic SOC interaction is negligible. As shown
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in Appendix A, the strength of the SOC interaction &, is 0.009 for graphene, 0.034 for silicene,
0.196 for germanene, and 0.8 for stanene in units of ¢V.)’. Compared with the planar graphene,
the buckled 2D group-IVA elements possess a stronger intrinsic SOC interaction, which gives
rise to a band gap in the K points. Possessing a small band gap is the most important difference
of silicene and germanene from graphene, as shown in Figs. 2(a)-2(c). Compared with silicene
and germanene, stanene possesses a larger buckled altitude and thus a stronger SOC interaction,
which opens an obvious band gap in the energy-band diagram, as shown in Fig. 2(d).

A z4AANR, which has N zigzag lines (width), possesses 2N group-IVA atoms in the interior
of its unit cell, as presented in Fig. 1. A 2N-center tight-binding framework of this case
yields a 16N x 16N [where 16 N =2N x4(- ) x 2(-- ) ]-dimensional Hamiltonian matrix, as
presented in Appendix B. In the case of N (= 4) zigzag lines, the energy-band structures of
the Z4ANR members (zGNR, zSiNR, zGeNR, and zSnNR, which are constituted of graphene,
silicene, germanene, and stanene, respectively) are computed and presented in Figs. 3(a)-3(d),
respectively. The energy-band structure of a zGNR with N (= 4) zigzag lines is computed and

(a) Graphene i (c) Germanene
S S
L L
= =
[=} =2
| |
D (]
| = =
w u
K r M K
(b) Silicene
S S
L 4 I
= >
(=] (=2
= =
[7] [F]
= =
u u
4 L%
K r M K

Fig. 2. (Color online) Energy-band diagrams for monolayer (a) graphene, (b) silicene, (c) germanene, and (d)
stanene.
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Fig. 3. (Color online) Energy-band diagram for single-layer (a) zGNR, (b) zSiNR, (c) zGeNR, and (d) zZSnNR with
N (= 4) zigzag lines.

presented in the left panel of Fig. 4, and its corresponding number of forward-propagating
channels M(FE) is presented in the right panel.

Equation (6), which is an eigenvalue equation, possesses a 32N X 32N matrix formalism.
According to Eq. (6), at a certain energy E, one can attain 32N real or complex eigenvalues
{kl’,l;ﬂ,zl, 2, ~-.,32N} and their corresponding eigenvectors ‘kL7,1>, which can yield an
E—ky j_1-3n complex energy-band diagram.m’zs)
corresponding real &, yield the traditional E — k, energy-band diagram of a z4ANR. For
example, the traditional £ — k, energy-band diagram of a zGNR with N (= 4) zigzag lines is
presented in the left panel of Fig. 4. For a real value of k|, the propagating waves transmit to

Moreover, some value of E and its
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Fig. 4. (Color online) Energy-band diagram for single-layer zZGNR with N (= 4) zigzag lines and its corresponding
number of propagating channels at given energy £.

the right [Ug (k;)> 0] or left [y (k) < 0] direction (see Fig. 4), where vy is the group velocity
[h’laH ~r(k )/ 0k ]. Furthermore, for a complex value of &, the evanescent waves decay
exponentially in the right [Im(k, ) > 0] or left (Im(k, ) < 0) direction. Each of the eigenvectors of
Eq. (6) corresponds to a pair of k; and —k; hence, half (16N) of the propagating or evanescent
waves propagate rightward and the other half (16/V) propagate leftward at a certain energy E, as
shown in Fig. 4.

In the z4AANR-based devices considered in this section, the width of the channel is N (= 4)
zigzag lines and the length of central channel is / (= 14) atomic layers. For these z4AANR-based
samples, which assume a perfect flat-band potential profile, Figs. 5(a)—5(d) display the spectral
diagrams of the transmission function (T), conductance (G), and DOS as a function of energy E.
Furthermore, for these z4AANR-based samples, which now have a double-barrier structure (DBS)
potential profile imposed on them (i.e., central channel length: / = 2 (barrier) + 10 (well) + 2 (barrier)
= 14 atomic layers with barrier height 0.7 eV), Figs. 6(a)—6(d) display the spectral diagrams of T, G,
and DOS as a function of E.

Assuming a perfect flat-band potential, we have 7(E) = 1, and thus f(E) = M (FE), for the
74ANR-based samples. According to calculations using Egs. (23) and (24), these flat-band
samples have a staircase-like conductance, which is the number of propagating channels M(F)
multiplied by the conductance quantum 2e%/i, as displayed in the right panel of Fig. 4 and
Figs. 5(a)-5(d).*>>7  As presented in Figs. 5(a)—5(d) and Figs. 6(a)—6(d), it can be seen that
in the DBS imposition, the quantization staircases of conductance spectra are destroyed and
show more complicated oscillation behaviors due to the scattering from the DBSs. Namely,
it is shown that the transition of conductance is from the quantized conductance in flat-band
structures to resonant-tunneling conductance in DBSs.
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Fig. 5. (Color online) Transmission function (7), conductance (G), and density of states (DOS) as functions of
electron energy E for the flat-band (a) zGNR-based, (b) zSiNR-based, (c) zGeNR-based, and (d) zSnNR-based
device structures (width : N =4 zigzag lines; channel length : / = 14 atomic layers), where M(E) denotes the number
of propagating channels at a given energy E.
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Fig. 6. (Color online) Transmission function (7), conductance (G), and density of states (DOS) as functions of
electron energy E for zAANR-based device structure (width : N =4 zigzag lines; channel length: /=2 +10+2 =14
atomic layers). A 2-10-2 atomic-layer DBS potential profile with barrier height 0.7 eV is imposed on the (a) zZGNR-
based, (b) zSiNR-based, (c) zGeNR-based, and (d) zSnNR-based structures, where M(E) denotes the number of
propagating channels at a given energy E.
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A van Hove singularity can be seen as a singularity (nonsmooth point) in the DOS spectra
of crystalline solids. The van Hove singularities occur where the derivative of the DOS with
respect to energy E diverges, which yields a strikingly sharp peak in the DOS spectra.38~4)
Therefore, in a perfect flat-band z4ANR, the DOS diverges at the onset of each subband, as
shown in Figs. 5(a)—5(d) and Figs. 3(a)-3(d). Figures 5(a)-5(d) display the strikingly sharp and
asymmetric peaks in the DOS spectra, which are also called van Hove singularities.

In quantum transport devices such as DBSs, a series of discrete and fine confined levels (or
states) exist in the central channel, and a continuous distribution of states exists in the left and
right contacts. When the central channel and the two contacts are joined, the discrete channel
levels couple and then acquire a few states of the two contacts.'>3?  Therefore, the effect
of coupling is to broaden the DOS in the central channel from its original discrete lines to a
continuous spectrum,(12’32) as shown in Figs. 6(a)—6(d). With increasing DBS barrier height, the
coupling strength of the two contacts to the central channel decreases, and thus the line-shape
sharpness and depth of the DOS peaks and dips increase. Therefore, the DBS has been verified
to be a suitable structure for exploring the coupling strength of contacts to a central channel,
and an increase in DBS barrier height yields the DOS modification of the central channel. As
shown in Figs. 6(a)—6(d), when energy £ coincides with any resonant-tunneling confined levels
of the DBS, irregularly spaced resonant-tunneling peaks occur in DOS spectra.

4. Conclusions

In this paper, we have developed an atomistic full-band and full-quantum model for
calculating the electronic transport characteristics of z4ANR-based devices, which also involves
the SOC effect. We have derived in detail the theoretical expressions for z4AANR-based devices
such as their wave function, Hamiltonian matrix, and the Schrodinger-like equation in the
NEGF form, which is based on the complex energy-band method. The proposed method is
straightforward, nonrecursive, and thus computationally cost-efficient. Using the developed
method, we have calculated and obtained important findings on z4ANR-based devices, such
as their conductance quantization, van Hove singularities in the DOS, and the effect of contact
interactions on the channel.
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Appendix A: Hamiltonian of Monolayer Group-IVA Elements

For a monolayer group-IVA element structure, the Hamiltonian with the a/‘} orbital, which
is calculated using the tight-binding model with the SOC effect and only nearest-neighbor
interactions, can be written as

H onolayer (k) = th (k) + Hsoc ? (Al)

m

where Hy, is the tight-binding Hamiltonian and H,. is the SOC Hamiltonian.
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The tight-binding Hamiltonian Hy, with orbital ordering { az, ag , aj, aﬁ} and a (= {z,, x, s})

can be expressed in the 16 x 16 matrix form as

2o
H, (k)= s (A2)
0 Hy
with
i 4 4 Y A7
0 0 0 0 Hi H) Hj Hj
A A A A
0O 0 0 0 HL Hj H, Hj
A A A A
0 0 0 0 H. H), H) Hj
A A A A
Moty | 000 A HZ HY Hy H
Huy | B B B B ’ (A3)
H. H, H, H, 0 0 0 0
B B B B
H) H, H) H, 0 0 0 0
HY H HY HE 0 0 0 0
HE HY HE HE 0o 0 0 A
where

Hzli:( ) =, ppo pﬂ.)COS 073 ppﬂT”’

yy:( ) _( ppo ppﬂ)SIH 97% ppﬂY_:a’

)sm 0L+Vv,, . L,

=(H, )_ (ppa 2% Vopr

yz_( gy =0, po —Vppr)sin@cos 0T,

NE

H)é :( xz) __( ppo pp”)Sin9C05€Tz,
A _ By ﬁ
Hy =(Hy) :T(VPPG pp,,)sm 01,

Hi=(-HJ) =V, cos0T;,
A * .
Hy =(-H}) =V,,,sin6 T,

3

HA =(-H2) :TVW sin@ Ty,

A B ¥
Hss :(Hss) Vssa

L,
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i 1
I = 267" cosEkLa,
T, = 2iM""? sin%kla,
L= 267" cos%kLa +e P,

ik, b/2 1 —ik b
theﬂq‘ cos—kia—el]q‘ ,

_1 Jhab/2

1 .
T cosEkLaJre He

k is a wave vector (k;, k), 0 is the angle between the bond and the z direction, a (= J3 b) is the
lattice constant, b is the bond length projected on the layer plane, and a total of five interaction
parameters exist, namely, A, Vypo, Vipr, Vips, and Vg A is related to the on-site energy
difference between the s and p orbitals, while the remaining four parameters represent the

nearest-neighbor interactions.

The SOC Hamiltonian Hsoc with orbital ordering {az, ag,aj, alg} and a (= {z, y, x, s}) can

be expressed in the 16 x 16 matrix form as

o [ "
soc hj’oT; h;l’o‘lé >
with
[0 io, —ic, 0 0 0 0 0]
—-io, 0 ic, 0 0 0 0 0
ioc, —io, 0 0 0 0 0 0
0 0 0 0 0 0 0 0 &
hsoc = . . X (AS)
0 0 0 0 O io, —io, 0| 2
0 0 0 0 -io, O ioc, 0
0 0 0 0 ioc, —-ic, 0 O
| 0 0 0 0 O 0 0 0]

where oy, 6,, and o are the Pauli spin matrices and ¢y is the strength of the SOC effect. The
parameters in this appendix are shown in Tables I and II of Ref. 4.

Appendix B: Hamiltonian of Zigzag-edge Group-IVA Nanoribbon

The zZAANR Hamiltonian, which is calculated using the tight-binding model with the SOC
effect and only nearest-neighbor interactions, in the |k, j, az > basis can be written in the
N x N block matrix formas (=1, 2, ..., N)
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hoE0 0
hy h ko0
Hoyyng(k))=1 0 by hy o 0, (BI)
P00 ol
0 - 0 h Ay

where /1 and 4, are 16 x 16 matrices with orbital ordering { aAT, ag, j, a};} and a (= {z, y, x, s}).

The 71 matrix can be written in the 16 X 16 matrix form as
hl = htb(kj_) + Hvoc ’ (B2)

where Hgoc is given by Eq. (A4), hy, has basically the same form as Hy, in Eq. (A2), but T 1_s)
!
must be changed to 771 = T3 =274 = 4Ts = 2cos%kla and T, = 2is1n§kLa.

The 7, matrix can be written in the 16 x 16 matrix form as

™
hy 0
SHM o
with
0000 K K 0
A4 4 A
0000 0 0 & 0
h;\'r(ori«l«): 0 0 0 0 hs’i hg/ 0 h;z R (B4)
000O0O O O O O
00 0 0 O 0 0 0
000O0O O O O O
0000 0 0 0 0]
where
A 2
b =Vypo =Vppr)c0s™ 6+V,, .,
A4 _ in2
hyy = (Vppa - Vpp,,)sm 0+ Vpp,, s
A
e =Vpr»

hyA; = hz‘; = —(Vppo - Vppﬂ)sinﬁcosﬁ,

A _ A _
hsz - _hzs - Vspcr cos®,



Sensors and Materials, Vol. 32, No. 11 (2020) 3725

A_ A4 _ .
by, =—hyg ==V, sind,

A
hss = Vss

o

Appendix C: Hamiltonians of Zigzag-edge Group-IVA Nanoribbon Between
Adjacent Layers

The Hamiltonians H,, and H, s+ of a ZAANR with N zigzag lines, which are calculated
using the tight-binding model with the SOC effect and only nearest-neighbor interactions, in the
o, Jj, a} > layer basis can be written in the N x N block matrix forms (j =1, 2, ..., N)

81 g; o - 0
& & gz+ 0
Hoo=|0 g g ~ 0 (Cla)
o . g;
1 0 0 & g
and
[z. 0 0 0|
0 z 0 0 :
Hyu1=|0 0 2z = 01, (Clb)
S0 . 0
10 - 0 0 z|

where each of the block matrix elements is 16 X 16-dimensional, in the orbital ordering
{a), ap.ay, apyand a (= (2,7, x, ).

The g1 matrix can be written in the 16 x 16 matrix form as
™
g -E 0
g =Hy,+ Wk (€2)
0 g7 -F

where E is the injected electron energy, Hsoc is given by Eq. (A4), and

gTT(ori«i«) — (C3)

S O O O O O O O
S O O O O O O O
S O O O O O O O
S O o o b o o o
S O O O O O O O
S O O O O O O O
S O O O O O o O

> o o o o o o o
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The g> matrix can be expressed in the 16 X 16 matrix form, which has the same form as the
hy matrix, i.e., g2 = ho.
The z: matrix can be written in the 16 x 16 matrix form as

ZJ_T "o
Zy = W’ (C4)
0 =z
with
[ 4 A4 4 A
0 0 0 0 =z, z z, z
0o o0 o0 O zﬁz ny fo Z;Ig
A A A A4
0 0 0 0 =z zy, Zyx Zy
4 A 4 A
Meortd) 0 0 0 0 zg 2z zy zg
% |3 B B B ’ ©5)
Zp Zn Zn zZg 0 0 0 0
B B B B
Zy Zy I Zy 00 0 0
zfz ny Zﬁc Zﬁ 0o o0 o0 O
5 Zg} L2 0 0 0 o0
where

4 _ B 2

2z, =2, = (Vypo = Vppr)C0S" 04V,
4_ 5 _1 3 .2

Zyy =2y, = 4(Vppa Vipr)sin® @ +V, .,
A8 3wy ysint0+V
Zex T Fax _Z( ppo ~ Vpprr)SIN pp>

A __4_B_ 5 _1 :
Zy, =2y, =2 =2, —E(Vppo_ =V )sinfcoso,

4 _ 4 __B__B_ N3 ;
Zy, =z =2y =2y = iT(Vppa —V,pr)sinfcost,
4 _ 4 __B__B_ N3 .2
Zyy = Zpy = Zpy =—Zyy, = iT(Vppo' —Vypr)sin® 6,
4 4_ B ___B_
Ly =72y T Iy T2 = Vspa cos®,
4 4 __B B _
Zgy =—Zy =2y = —Zg, =V, snb,



