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The rising interest in Dirac materials, condensed-matter systems where low-energy electronic excitations are
described by the relativistic Dirac Hamiltonian, entails a need for microscopic effective models to analytically
describe their transport properties. Specifically, for the study of quantum transport these effective models must
take into account the effect of microscopic scale interfaces and the presence of well-defined edges, while
reproducing the correct band structure. We develop a general method to analytically compute the microscopic
Green’s function of Dirac materials valid for infinite, semi-infinite, and finite two-dimensional layers with zigzag
or armchair edge orientations. We test our method computing the density of states, scattering probabilities and
topological properties of germanene and semiconducting transition metal dichalcogenides, obtaining simple
analytical formulas. Our results provide a useful analytical tool with low computational cost for the interpretation
of transport experiments on Dirac materials which could be extended to describe additional degrees of freedom

like extra layers, superconductivity, etc.

DOLI: 10.1103/PhysRevB.109.195405

I. INTRODUCTION

Two-dimensional (2D) materials have become an excel-
lent playground to engineer quantum devices with exotic
properties [1-6]. Examples include one- or few-atom-thick
materials like graphene, silicene, stanene, germanene, and
transition-metal dichalcogenides (TMDs) [7-10]. Despite
their differences, many of these materials share low-energy
characteristics like the presence of nodal points or a linear
band dispersion, tunable carrier density, and high mobility
due to suppressed backscattering [11-13]. All these properties
make them very promising candidates for quantum transport
applications [5,14—18]. This class of condensed-matter sys-
tems is known as Dirac materials since, in the infrared regime,
charge carriers follow a relativistic Dirac equation yielding
the same universal behavior for, e.g., the optical conductivity
or the specific heat [12,13,19,20]. The origin of the Dirac-
like behavior varies with the material but in all cases some
specific symmetries protect the formation of Dirac nodes in
the spectrum [19]. For example, in the recently discovered
quantum spin Hall insulator [21,22] time-reversal symmetry
promotes and protects the formation of Dirac-like metallic
one-dimensional (1D) edge states on an otherwise 2D insu-
lator. Similarly, three-dimensional (3D) topological insulators
feature 2D edge states described by a single (or an odd number
of) Dirac cones [23-27].

Dirac materials are characterized by their band structure
[7-10], and new materials can be predicted from numerical
methods [28], like density functional theory or ab initio cal-
culations [29]. Once identified, their microscopic properties
are more easily accessed by numerical lattice calculations
[30-36], which can include finite-size effects and the presence
of edges [37,38]. For the study of quantum transport, it is also
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important to include the effect of atomic scale interfaces, or
the presence of well-defined edges in layers of 2D materials;
for example, the electronic spectrum of a graphene nanorib-
bon strongly depends on the edge orientation [39—41].

In a complementary approach, low-energy, effective micro-
scopic Hamiltonians offer a way to include all these effects
(finite-size, edges and interfaces, etc.), while, at the same
time, providing analytical results for the study of transport
[39]. In the absence of Coulomb interactions, a scattering
theory can be derived from the Dirac Hamiltonian including
interesting effects like edge orientation, spin-orbit coupling,
magnetization, or even superconductivity [42-52]. A particu-
larly interesting generalization of effective Hamiltonians are
the Green’s function (GF) methods combined with Dyson’s
equation [40,43]. The GF facilitates the study of correlations
(interactions, superconductivity, etc.) while naturally allow-
ing the computation of observables like the electric current
and the density of states. The Hamiltonian approach to GF
techniques is perfectly suited to consider edge and interface
effects in 2D systems and, in many cases, provides simple,
analytical results which can also describe long-range order
like magnetism or superconductivity [43,49,53,54].

In this work, we develop a systematic and general method
to analytically compute the microscopic GF of systems with a
general Dirac Hamiltonian and apply this method to 2D hon-
eycomb structure. The resulting GF accounts for the presence
of well-defined edges or interfaces at the atomic scale. We
then obtain the GF of relevant Dirac materials, like germanene
and TMDs, and obtain transport properties (density of states
and scattering probabilities) of infinite, semi-infinite, and fi-
nite layers. Our general method can distinguish specific edge
orientations like zigzag, which only involves one Dirac node
or valley, and armchair that combines two valleys. In all cases,
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our method provides simple analytical formulas, with low
computational cost, which allow us to compute the formation
of edge states and their topological properties.

The rest of the paper is organized as follows: In Sec. II,
we present the general Dirac Hamiltonian and calculate the
related GF. Then, in Secs. III and IV, we develop the recipe for
the GF of a semi-infinite and a finite system, respectively. In
Secs. V and VI, we apply our method to zigzag and armchair
edge orientations and include specific applications for TMDs
and germanene. We then explore the interesting behavior of
germanene under an out-of-plane electric field in Sec. VIL
Finally, we present some concluding remarks in Sec. VIIL
An Appendix has also been added to show details of the
calculations.

II. GENERALIZED DIRAC HAMILTONIAN

We consider the following general Dirac Hamiltonian, act-
ing on a two-dimensional space

H(x,y) = —ihvp (6,9, + &ydy) + V (x, ), (1)

with vy the Fermi velocity and V (x, y) an electrostatic po-
tential. Here, &, , are 2N x 2N matrices acting on the SU(2)
degree of freedom that defines the Dirac Hamiltonian and
the N-dimensional space containing the rest of degrees of
freedom. In the following, we assume translation invariance
along the y axis, with k, = g a conserved quantity, and con-
sider inhomogeneous systems along the x direction. Then,
Eq. (1) reduces to I-Z, = —iho.a, + g, + V (x), which obeys
the generalized Dirac equation

HyW(x,y) = Eg;r,(x, y), 2)
with solutions of the form
Y, (x, y) = e[y e e, 3)

where ¥, = (¥}, ¥, )7 are 2N-dimensional spinors in the
SU(2) space spawned by ., with n labeling the other quan-
tum numbers. The states Y =e*s*, where, usually, k; = —k;",
represent right-moving (") and left-moving (1) solutions
along the x direction with probability flux current given by
JE = vpyF ey = dup. These states are not, however, or-
thogonal. To obtain an orthogonality relation, we must define
the states

UE = talyt,
which fulfill

W5 = +@wHa,, 4)

() W = S, )

with ¢ = +, —. Combining ¥+ and ¥/ states we then find the
completeness relation

S wi) =1, ©)

with 1 being the 2N x 2N unit matrix.
We can now define the general GF associated with the
Dirac Hamiltonian in Eq. (2) as

(E1 - H)G,(x,x') = Es(x — x)1. (7

The subindex in Gq (x, x") indicates the quasi-one-dimensional
regime where ¢ is a conserved quantity. We henceforth work
in this regime and omit the subindex. Assuming Vix)=0
and k, = —kf = —k,, with k, > 0, the GF g(x,x’) of the
unbounded (bulk) system becomes [43]

’F D 1 7 LIS

v< oI
g (x<x,X)—2hv

—i

ZHUF

Fx>x,x)= PN ANCEE D AN (A LR €
n

The superindex 32 = 3(x 2 x') indicates the different form
of the GF depending on the spatial coordinates. When it is
important to distinguish the cases with x 2 x” we show this su-
perindex and omit it otherwise. The x dependence is encoded
in the functions f£(x) = e***, and the states ¥¢ are solutions
to the transposed Hamiltonian in Eq. (1). Transposing a Dirac
Hamiltonian results in the exchange k — —k, so the trans-
posed states can be related to the left- and right-moving states
in Eq. (3) as

v =gy v =Gy )

with  a matrix such that the scalar product ¥/ is invariant
under Lorentz transformations and spatial inversion [43].

III. SEMI-INFINITE SYSTEMS

We can define a sharp edge localized at x = x, by means
of the perturbation potential

V(x) = Ustad(xy — x), (10)

with U, the potential strength that takes the limit U, — oo
when we consider the edge of a semi-infinite layer. Here, %, is
a matrix that encodes the specific boundary conditions at the
edge and takes into account the change in sublattice associated
with atomic-scale translations [43]. The GF perturbed by this
potential is given by Dyson’s equation as

Galx, x') =é(x,X')+/Mlé(x,m)v(m)éa(xuf)

= 3(x, x') + 3(x, x)U, G o(xg, X'), (11)

with g(x, x") the bulk GF defined in Eq. (8). The perturbation
potential Eq. (10) can also be used to join two semi-infinite
solutions, Eq. (11), and recover the bulk result [43]. The
solution of this equation when both x and x" are on the right
(left) of x, takes the form

GRB (x, x') = g, X) + 0P 0)g P (x, X)), (12)

with the superindex R (L) indicating that x, x" > x, (x,x’ <
Xx,), and where we have defined

0% (x) = g (x, x)UtD”, (13)

DX = (1 — & (X, x)Uat) ™", (14)

with x =>, <. An iterative method allows us to find an ex-
pression for Eq. (13) as (see Sec. A for details)

0% (x) = UaZ" (%, Xa)¥a ) _[Ua (50 xa)E). (1)
p=0
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Using the completeness relation, Eq. (6), we find

v> X —i T X e (.7e\T
T n AN CADE AR (7

m,e

- ZFIUF

n,m,e

,L.+S F)-H? (16)

a,nm” nm >

where we have defined the projector operators

NP, ~ T
P = V() an
and the matrix representation of ¥, as
’ - \T. /
Tanm = (V) Ta¥r - (18)

In what follows, it is more insightful to write explicitly the
subspace spawned by the left- and right-moving solutions of
Eq. (2), that is, the N x N matrices £¢¢' 50 that

= ( o ?:). (19)

T
We thus use the symbols .7. and .”. to distinguish the full
2N x 2N matrices from others with reduced N x N dimen-
sions. As a result, Eq. (13) becomes

07 ()= Y firxc—x) (), B (20)

n,m,e

D

with 71¢ = D¢ and

pr = ey U e B @21)
“ 2hvp 2nvp ¢ )
Analogously,
0~ )= Y fr & =x)(7) P (22)
n,m,e

with 776 = D=2 7¢.
Consequently, the local GFs at each side of the perturbation
adopt the form

GR(x,x)
=306, X) + ) 0= x)EF am fy Ga=X W ()T
" 23)
and
GE(x, x)
=300, X) + Y fr (06 = x) Gy Dy Ca—2 Wy (0
" 24)

Here, 7, corresponds to the scattering matrix of reflection
amplitudes. For a potential acting on x,, we can define the
transmission amplitudes as 7°° = 1 + 7#°°, and the scattering
matrix results in

o P e
Sa =1+ Va = ¢ ,\u s (25)
[

which fulfills the unitarity condition S‘agl = VZS‘G = 1; for
more details we refer the reader to Sec. B.

The semi-infinite system requires a hard edge at x = x,,
which we obtain taking the limit U, — oo. Consequently,
the denominators in Eq. (21) become 132 — —(%j“")_l. The
scattering matrix for the semi-infinite system thus reduces to

y 0 (e
= ), (26)
&)y &t 0
where the transmission amplitudes are zero at the edge. As a
result, the matrix of reflection amplitudes is unitary, (ffj_)T =
p—y—1 S R L I S el s
(#F7)7!, and, therefore, [(2;71)~1T(£ ) = ()~ 18+

IV. NANORIBBON

We now extend the previous results to include a second
edge potential barrier as V (x) = ZI,]:a U;tijd(x; — x). We ap-
proach this problem sequentially by first considering only one
edge potential. For example, by taking U, = 0, we find, from
Eq. (11),

Ga(x, x') = g(x, x') + 80x, x)UuaGu(xg, X)). 27

Similarly, by taking U, = 0 and U, # 0, we obtain Gb(x, xN.
Restricting ourselves to the region where x, < x, x’ < x;, the
GF G,(x, x") becomes of right type, Eq. (23), for barrier po-
tential U, ¥,, while G, (x, x) for barrier potential U,y is of left
type, Eq. (24). For simplicity, we thus omit the superindexes
R and L. We apply again Dyson’s equation to Eq. (27) to
introduce the edge potential U, and reach

Gap(x,x') = G (x, X') + G (x, xp)Up ¥y
x (1 = G (%, x)Upt) ' G (xp, '), (28)

with G2 = G(x = x'), cf. Eq. (8). The solution to Eq. (28)
reads

Gap(x, X') = Gu(x, x) + 0= ()G, (x5, X), (29)

with
0= Y £t —x)(#),. P, (30)
n,m,e,e’
and
Uty [« Uty \ '
Fp= it 22T 31)
2711)1: 2hUF

Using the explicit expression for the semi-infinite GF,
Eq. (23), we write the GF with x > x’ for the central
region as
G, (x, x')
=i
a 2F1UF

3 fi =)@ S = e (55)
(32)

where we have defined the matrices

T+ d+a/HE-w)
W~ = , (33)
W, " W, TEF (W)
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with W = x;, — x, > 0 the width of the finite region. Here,
w;? are the submatrix elements of

.Uy v .U !
By = — #(1 AN 34
wh ’2thT< +’2thT> (34)

with

35
(7 (79 (%3)

W )f,;—)
and 777 (W) is defined from the reflection matrix at the left
interface, 77—, as 71~ (W) = f**(—W)f’;r’f”(W), with the
diagonal matrices ( f ) (x) = 8 [y (x). Analogously, we
can also define

I
o< Wy,
we=| 7

wy,

where we have used the projector operators, Eq. (17). This
result is equivalent to the reflection matrix for a single barrier
at x = xp, 71, changing w;, by 7.

To obtain the GF of a nanoribbon we must take the limits
U, » — 00, obtaining

1+ rhp—
(A + a )i (W)>’ 6)

1+, T w)

S ’ —i & « ce' pe’ IN.JE(T.E
Cale.x) = 50 ijf @) f (—x W),

37
where Eqs. (33) and (36) reduce to
- Dt DYt (x,)
e P YY) e . (389)
"y (-xb)D ry (xb)D Ty (-xa)
DY ()i ) DY (x)
W< = N N . (38b)
Pt (up)DH D~
with
P O) = (xR (), (39a)
PO = f )R T (=), (39b)
DYt =1 — & ), T )], (39¢)
D =1 —# it )17 (394d)

The latter equations allow us to obtain the bound states of
the finite region by taking the condition D** = 0, or, anal-
ogously, 7~ (x,)F, *(xp) = 1. Consequently, the bound states
of the finite region are tied to the reflection matrices at each
independent edge.

V. DIRAC SYSTEM WITH ZIGZAG EDGES

Having established the general method for the computa-
tion of the GF of a Dirac system, we now present some
examples showcasing specific edge orientations. We start with
layers ending in zigzag edges, see Fig. 1, and modify the
Hamiltonian of an infinite system, Eq. (1), so that it describes
the low-energy physics of graphene-like materials like ger-
manene, silicene, and TMDs. We thus get the Hamiltonian

ﬁsn(k) = :U«sné'() + hvp (kSx + nq&y) + msnéza (40)

(a)  Armchair (b) Zigzag

X

FIG. 1. Real-space atomic (a) armchair and (b) zigzag termi-
nations, with their corresponding reciprocal unit cell showing K
and K’ = —K valleys. (c) Perturbation potential forming two semi-
infinite layers at x = x,. The arrows correspond to the incident ()
and scattered wave functions (¥, and v/, ).

with

Hsy = — Ep +nskso, (41)

A
Mgy = A, — NSAso + Shar + 5 (42)

Here, the Pauli matrices & , ,,, act in sublattice space denoted
by A- and B-type atoms, ¥ = (¥, ¥)’, and the param-
eters n = + and s = + are the valley index and the spin
S, component, respectively. The Fermi velocity is written in
terms of the lattice constant a and the hopping parameter ¢
as vp = +/3at /(2h). Our approach assumes the k - p approx-
imation where the relevant energy scales are comparable to
t [35,39,55,56]. The 2 x 2 zigzag Hamiltonian in Eq. (40)
thus corresponds to the case with N = 1, cf. Egs. (2), (3),
(19), so the symbols .~ . denote here scalars. This Hamiltonian
describes each of the inequivalent valleys K and K’ separately,
which for zigzag terminations are located at k = (k, k,) —
(0, £K), see Fig. 1(b). The conserved momentum %q along
the k, direction is thus defined with respect to each valley [55]
(e.g., ky = K + g for valley K).

The parameter my, describes a generic mass term given by
the intrinsic gap A, and extra terms that depend on the specific
material. For example, Ago represents the spin-orbit coupling,
Aar a magnetic gap, and A, the energy due to an external
electrical field perpendicular to the monolayer. Indeed, Aso
is strong in systems such as germanene, silicene, and TMDs,
but negligible in graphene. A magnetic material in close con-
tact to the monolayer can induce a magnetization A4r by
proximity effect. Previous works have analyzed the effect on
the electronic state of the system caused by an electric field
applied perpendicularly to monolayer of TMDs, germanene,
or silicene [35,57,58]. Here, we represent this effect by the
parameter A, which, being proportional to &,, breaks sublat-
tice symmetry and is only possible in the presence of lattice
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buckling. Finally, the doping level ug, is determined by the
Fermi energy Er and, if present, the spin-orbit coupling Aso.
In general, manipulating the Fermi energy Ep in isolated
samples trivially shifts the spectrum without relevant conse-
quences as we show in Sec. E. Consequently, we henceforth
set Ep = 0.

The eigenstates of Eq. (40) can be found in Sec. D, with
transposed states defined using Eq. (9) and y = &,. With these
states, the GF of the bulk system is given by Eq. (8). The
resulting wave vectors are ksff} = *k,,, where

ko = \J(E — pyy)? = 2, — (hvop@)?/Ghup). (43)

For a given excitation energy E, the conserved momentum
parallel to the interface 7ig can be parametrized by the angle
g, defined as

ke, £ ig

(Msn - E)2 - m-%ﬂ

eiiam — th (44)

We can now define the spectral density of states from the
retarded GF as

1 N
p(E,q,x) = ; Im{Tr[G(E; q; x, x)]}, 45)

and the local density of states (LDOS) is then

por(E,x) = /p(E;q;x)dq- (46)

The bulk spectral density for a given spin-valley configuration
adopts the simple form pr 5, = 1/(7w hivpky, ). Henceforth, we
normalize the spectral density of states by py = ta, which is
equivalent to measuring energies and distances in units of the
hopping ¢ and the lattice constant a, respectively. We now
proceed to define and apply the edge potentials to obtain the
GF of a semi-infinite and a finite layer, or nanoribbon, with
zigzag and armchair edges.

A. Zigzag semi-infinite layer

For zigzag edge orientation the boundary conditions im-
pose that the wave function for one of the sublattice atoms
must vanish [39,43,55,59]. The matrices that encode such
microscopic boundary conditions for border of A and B atoms
are, respectively,

I 0 0 0
%Az(o O)’ fB=<0 1). 47

For the semi-infinite layer, we can use either atom type to
define the perturbation potential V(x,) at position x,. Note
that the boundary conditions defined by the matrices ¥4 and
3 cause the perturbation potential V(x,) to maintain the
translational invariance along the y direction.! Following the

'The zigzag and armchair boundary conditions encoded in the
matrices ¥ describe such terminations with atomic precision [39,43].
Reference [43] further demonstrated that including these matrices
in Eq. (10) is necessary to recover the tight-binding bulk Green’s
function from the semi-infinite solutions in both zigzag and armchair
terminations.

2
-3 0 3-8 0 3
qa qa

FIG. 2. Spectral density of states at the edge of a semi-infinite
monolayer of TMD, where A = 1.28¢ and Ago = 0.15¢. Panels
(a) and (b) represent spin-up valleys (a) K’ and (b) K, while panels
(c) and (d) correspond to spin down (c) K’ and (d) K.

method described above, we reach Egs. (23) and (24) at each
side of x,.

To fully characterize the semi-infinite GF, we must de-
fine the scattering amplitudes, see Egs. (25) and (26), which
yield #7~ = (£/7)7'%~. For instance, ] (a scalar for
zigzag termination) corresponds to the projection of ¢ onto
the right-propagating states and their transposed counter-
parts. As a result, for border type A (B) we get f‘j;’ =
() = —(4)eti®ne=2ka%  The phase factor e >k»¥ ig
irrelevant for the semi-infinite case, but very important
for the finite layer. Plugging f’;;_ (xz) into Eq. (23), we
find oy, = Im(istnei"‘fv) /(whvg) for A-type termination, and
Psy = Im(ie™®n N?n)/(nhvp) for border B. In both cases,

RV E — Msy — Mgy (48)
\/E — Msy +msn’

see more details in Sec. D.

We now illustrate different applications of the semi-infinite
GF associated with Eq. (40). By setting A = 1.28¢ and Agp =
0.15¢, the Hamiltonian of Eq. (40) describes the low-energy
electronic excitations of a semiconductor TMD like, e.g.,
WSe, (usually, t & 1.4eV [56,58,58,60]). We plot in Fig. 2
the spectral density of states, Eq. (45), at the zigzag edge,
for each valley and spin configuration. Similarly, choosing
Aso = 0.0033r and A = 0, we obtain the edge dispersion of
a germanene layer with one zigzag edge, see Fig. 3. While the
TMD features a large, semiconducting gap of the order of ¢,
the germanene gap is much smaller, two orders of magnitude,
as it corresponds to a semimetallic material. Moreover, a finite
intrinsic gap A combined with the spin-orbit gap Aso in the
TMD, yields a strong asymmetry in the resulting band gap for

2 _
N2 =

195405-5



TAMARA-ISAZA, BURSET, AND HERRERA

PHYSICAL REVIEW B 109, 195405 (2024)

0.02 /25 (b) plpy

102

50
10!
-0.02 A
0.02 v 410°
S 107!
-0.02 1072

-0.03 0 0.03-0.03 0 0.03
qa qa

FIG. 3. Spectral density of states at the edge of a semi-infinite
zigzag germanene monolayer. Panels (a) and (b) represent spin-up
valleys (a) K’ and (b) K, while panels (c) and (d) correspond to spin
down (¢) K’ and (d) K. A = 0 and A5o = 0.0033¢.

the different spin-valley configurations. By contrast, the band
gap of the germanene zigzag layer, with A = 0, is only due to
the spin-orbit coupling and is thus smaller and symmetric. We
note that the wave number ¢ is defined around a given valley,
e.g., K’ in Fig. 2(a) and K in Fig. 2(b).

The zigzag termination features an edge state in both mate-
rials, with a dispersion connecting both valleys [61]. However,
while the edge state trivially connects the different valence
bands for the TMD, Fig. 2, it couples conduction and valence
bands for the germanene case, Fig. 3. As a result, the semi-
infinite zigzag germanene layer displays two edge states that
cross the Fermi energy with opposite velocities, meaning that
germanene is a topological insulator [31,62,63]. We explore
in Fig. 4 the decay of the edge state inside the semi-infinite
layer by computing the spectral density of states at different
positions away from the zigzag edge. The edge state has
almost completely disappeared a few unit cells away from the
edge. As we continue inside the layer, more bands appear in
the spectrum, until it is almost continuum-like in the bulk case.

B. Zigzag nanoribbon

The GF for the zigzag nanoribbon, or finite layer with
two zigzag edges, is obtained from Eq. (37), see Sec. C
for a detailed calculation. We now highlight the main
steps in its derivation for the Hamiltonian in Eq. (40).
Importantly, the geometry of the zigzag nanoribbon is such
that the two edges at x, and x, must belong to different
A-B atoms, see Fig. 1. For simplicity, we now assume
that x, < x;, is made of A atoms. To fully characterize the
nanoribbon GF, we must first obtain the scattering amplitudes
forming Eqgs. (38) and (39). With our choice of atomic
terminations for the zigzag nanoribbon, we have 7~ (x,4)) =

—(4)et(Dme=2kn¥ar)  from the semi-infinite case.

plpy
10?

Al

qa qa

FIG. 4. Spectral density of states for spin-up, K’ valley valence
band of a semi-infinite zigzag TMD monolayer, at different distances
from the edge. The parameters in this case are the same as in Fig. 2.

Analogously, we get f;7+(xa(b)) — _(+)e*(+)ia,m+25kwxa<h).
As a result, we obtain the local GF at the A-type zigzag edge
at x, to be

0 . 1+82i(am+kmw)
l 1 +62i(ux,7+kmw)

G;b (Xa, Xa) = ks W ’ (49)

A2 ala 1—¢
0 _lene ! Le2i(asy+ksnW)
with the nanoribbon width being W = x;, — x,,.

The local spectral density for that edge is

1 ny]eiam(l _ eikaW)
whor "\ T e | G0

When W — oo, the result in Eq. (50) is equal to the semi-
infinite case.

In Fig. 5, we compare the edge spectral density for a TMD
[Fig. 5(a)] and a germanene [Fig. 5(b)] zigzag nanoribbon.

p(xg) =

10! 102

10°
I //Po

10!

qa qa

FIG. 5. Edge spectral density of a zigzag nanoribbon of (a) TMD
and (b) germanene. In both cases, W/a = 4, and the density is com-
puted for spin-up electrons at valley K’. The parameters, in this case,
are the same as in Figs. 2 and 3.
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E/t

E/t

=5 0 3-3 0 3
qa qa

FIG. 6. Evolution of the edge spectral density of a TMD zigzag
nanoribbon with the width W. All cases correspond to spin-up elec-
trons at valley K'. The parameters, in this case, are the same as in
Fig. 2.

The finite-size effect is manifested in the appearance of peri-
odic subbands, with periodicity determined by the nanoribbon
width W. Like in the semi-infinite layer, Figs. 2 and 3, the
wave vector ¢ is defined around one valley (K’). The effect of
the finite width on the subband periodicity is clearly shown in
Fig. 6, where we plot the edge spectral density for valley K’ of
a TMD zigzag nanoribbon with different widths. As the width
W increases, there are more subbands per energy unit, until
an almost continuum is recovered for large W. Notice that the
plots show roughly the same number of subbands as unit cells
form the nanoribbon width, i.e., 4a, 8a, etc.

(a) —Spin up —Spin down

Figure 7 summarizes the obtained spectral properties of
zigzag germanene, Fig. 7(a), and TMDs, Fig. 7(c), showing
the lowest energy spin-valley bands and the dispersion of
the edge states (red and blue lines) in full momentum space
including both valleys. The edge states feature trivial and
nontrivial topology for TMDs and germanene, respectively.
Notice the important inversion of the lowest-energy bands
when the nanoribbon edge type is changed from A to B in
Fig. 7(a), described by Eq. (50) changing an —-1 /stn' The
effect of the termination on the band at edge state shape is
encoded in the parameter Nj,, Eq. (48), which is inverted
when the termination changes. We also sketch the lowest
band dispersion for armchair germanene, Fig. 7(b), and TMD,
Fig. 7(d). We explore this edge termination in more detail
below.

VI. DIRAC SYSTEM WITH ARMCHAIR EDGES

In contrast with the zigzag termination that does not mix
valleys, the armchair edge mixes the valley degree of freedom
and thus requires a description that explicitly takes this into
account. Note that the valleys for the armchair orientation are
located at k — (£K, 0), in the direction orthogonal to the
conserved momentum k, — ¢, see Fig. 1(a).

As we did before, we start with a general Dirac
Hamiltonian, valid for different graphene-like materials like
germanene and TMDs, now explicitly expressed in the valley

subspace as
. (Hx O
H=(" ") (51
0 Hsl(’

with s = = the (degenerate) spin index and
I-?sn(k) = //Lsn60 + th(qay - nkéx) + msn6zs (52)

with the same parameters as Eq. (40). The full Hamiltonian
H; spawns in valley-sublattice 4 x 4 space [N = 2 in Egs. 2,
3, and 19] and the reduced-space matrices denoted by .~ . now

FIG. 7. Summary of the different band dispersions for TMD and germanene nanoribbons. (a) Sketch of the honeycomb lattice of a zigzag
nanoribbon (middle) and band dispersion for the A (left in red) and B (right in green) type of terminations, for germanene nanoribbons.
(b) Edge electronic band structure for armchair germanene. Edge electronic bands of a TMD nanoribbon with (c) zigzag or (d) armchair edges.
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have dimension 2 x 2. The solutions of Eq. (51) are spinors
in the valley subspace, W, = (¥, ¥sx)T, with each Yy an
eigenstate of Eq. (52), see more details in Sec. D. Owing to
the spin degeneracy, for simplicity we omit the spin index s in
the wave functions and GFs, e.g., ¥,k — k. The orthogonal
and transposed states are again calculated following Egs. (4)
and (9) with

5 6. 0 . (& 0

A. Armchair semi-infinite layer

The armchair edge contains atoms of both sublattices, A
and B, see Fig. 1. The armchair termination requires vanishing
the wave function on both sublattices, so it is not necessary to
specify the edge type as for zigzag terminations [39,43,59].
However, the boundary conditions for an armchair edge mix
the valley K and K’ and, thus, must be defined in the valley

subspace as
= <‘f" f"). (54)
6, Oy

As before, the edge GF for a semi-infinite layer is given by
Eq. (23), which, when evaluated at the edge (x = xp), adopts
the form

Grr (X0, X0)
B (MKK + i My

o +— =
rexMy

+— pt—

A VKK/MKK’A 5%
My + rgge Mgg
with

W = v (95) (56)
n,m = K, K’ labeling the valleys, and €, ¢’ = +, — for, re-
spectively, left- and right-propagating states, see Eq. (3) and
Fig. 1.

The key ingredients are again the scattering amplitudes
Pt =@*)"'2* and 7t = (#77)"'t~*. Importantly,
these 2 x 2 matrices are now defined in the valley subspace,
and, within that subspace, every element corresponds to a pro-
jection into a specific valley index. For instance, the element
Fre of 777 corresponds to the reflection amplitude for a state
incident from the right (x < x¢) on valley K that backscatters
to the left into valley K'. Defining the scalars 16, = V<7<

n m?
we find that 7{, = hzz/ h,;;g The other elements are com-
puted in a similar way, as shown in Sec. D.

With these simplifications, the spectral density of states

reads (see more details in Sec. D)

4 N2N/2 1 i(og—a))
Re( (I+e )>. (57)

E,q) = . —
)Os( 6]) JTFZUF 1\]26101v +N/2671as

Here, we defined N = Nyx and N’ = Nk, following Eq. (48)
evaluated for valley K and K’, respectively. Analogously for
a, and o, with Eq. (44).

We plot the edge spectral density in Figs. 8(a) and 8(b)
for a germanene and a TMD semi-infinite armchair layer,
respectively. The topology of germanene is now manifested
by a gapless state closing the, otherwise, small spin-orbit gap.
The TMD, by contrast, presents a large semiconducting gap,

225 3 35
p/py

4

2 (b)

FIG. 8. Edge spectral density of states for a semi-infinite arm-
chair layer of (a) germanene and (b) and TMD. The parameters, in
this case, are the same as in Figs. 2 and 3.

like for the zigzag case. The main difference for the armchair
termination is that the bands are spin symmetric, but display
a small asymmetry with the conserved momentum ¢. Both ef-
fects stem from the symmetrization imposed by the armchair
edge after combining the different spin-valley bands.

The main feature about the armchair termination, that
different valleys are mixed on scattering, can be better under-
stood by checking the specific inter- and intravalley scattering
amplitudes. We show in Fig. 9 the scattering coefficient for an
incident electron from valley K (blue and red solid lines) and
K’ (green and black dashed lines) into the same or the opposite
valley. For simplicity, we only show the normal incident case
(¢ = 0), but similar results are obtained for any incident angle.
For germanene (left panel), intervalley scattering is dominant
(red and green lines), except for energies very close to the
gap edge. This behavior has been previously reported for
graphene [11,64]. Both inter- and intravalley coefficients are
symmetric with respect to the energy, as the spin-valley bands
are also symmetric, see Fig. 7. The strong asymmetry in the
spin-valley bands for the TMDs (right panel) results in an
intervalley scattering that is very asymmetric with the energy,
with small energy windows close to the edge of the valence
and conduction bands where intravalley scattering is perfect
since the intervalley one is forbidden.

Germanene TMDs
1.0 T T T
. —K oK 1L i ]
o —K‘—> K' i
- K =K 1
Il 0.6f KK 1 1 .
S 1
= 04f 41 F \ -
4 i
~02f o ¥ H L iy
OC A : L
-0.02 0 0.02 2 0 2
E/t E/t

FIG. 9. Electron reflection probabilities at normal incidence (¢ =
0) in the armchair edge of a semi-infinite layer of germanene and
TMD, showing intravalley (blue and black) and intervalley (red and
green) scattering probabilities. The parameters, in this case, are the
same as in Figs. 2 and 3.

195405-8



MICROSCOPIC GREEN’S FUNCTION APPROACH FOR ...

PHYSICAL REVIEW B 109, 195405 (2024)

FIG. 10. Edge spectral density of states for a finite armchair
nanoribbon of (a) germanene or (b) TMD. For both cases the width is
six unit cells. The parameters, in this case, are the same as in Figs. 2
and 3.

B. Armchair nanoribbon

The nanoribbon GF associated with the Hamiltonian
in Eq. (51) spawns in a combined spin-valley-sublattice
space. Being spin-degenerate, we can focus on its 4 x 4
valley-sublattice structure and, within it, describe the valley-
projected 2 x 2 matrix elements

Grpe Xy = Y fEQfy (CFmt Mes . (58)

e,&'=%

Here, f¢(x) = e/®+ehv with K, = K, K’ and k, = k, k..
The matrices M2, are defined in Eq. (56) and the reflection
matrices according to Eq. (39). See more details in Sec. D.

We plot the spectral density of states for an armchair
nanoribbon of germanene and TMD in Figs. 10(a) and 10(b),
respectively, for a width of six unit cells. As expected, we ob-
serve the band discretization in both cases and the topological
edge state for the germanene nanoribbon. The gapless edge
state in the germanene nanoribbon of width W = 6a featured
in Fig. 10(a) stems from a topological phase. However, the gap
can reopen due to a trivial geometrical effect arising from the
interference of intravalley reflection processes at the nanorib-
bon edges. For clarity, we compute for two different widths,
W/a = 8 and 9, the spectral density of states at the armchair
edge of TMD and germanene nanoribbons in, respectively,
Figs. 11 and 12. This geometric effect has been previously
studied in graphene nanoribbons [39,43,65].

While semi-infinite germanene layers clearly feature topo-
logical edge states, see Fig. 8(a), we find that the edge state
only appears when the nanoribbon width is a multiple of three,
W/a = 3n with integer n, see Figs. 11 and 12, and only for the
germanene case since the semiconducting gap of the TMD
completely suppresses this effect. Consequently, the topology
in germanene armchair nanoribbons is only revealed when
the geometric phase is removed. Indeed, the trivial gaps that
open for W/a # 3n exponentially decrease with the width. We
show this effect in Fig. 13 by plotting the lowest energy level
Ey at the edge of a germanene nanoribbon as a function of the
ribbon width. The zero energy solutions every three unit cells
represent the topological edge states, while the trivial gaps for

0 1 2 3 4 )

FIG. 11. Spectral density of states at the armchair edge of TMD
nanoribbons for W/a = 8 (right) and W/a = 9 (left). The parame-
ters, in this case, are the same as in Fig. 2.

FIG. 12. Spectral density of states at the armchair edge of ger-
manene nanoribbons for W/a = 8 (right) and W/a = 9 (left). The
parameters, in this case, are the same as in Fig. 3.

0.3 ‘ T T T T T
0.25 .
— ) J/A=0
z
0.2 —A_/A=20 &
z
+ 015 -
=
01 \ ’,’ \\ ¥¥ =
VI A\ \JRAK KK
AN NN N
0.05 ey -
VV
L VA
] | 1 ] ]
0 5 10 15 20 25 30

W/a

FIG. 13. Lowest energy levels for armchair nanoribbons as a
function of the nanoribbon width with (green) and without (blue)
external electric field ..
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0.02

0  0.03-0.03 0

qa qa

FIG. 14. Spectral density of states at the armchair edge of a
semi-infinite germanene layer, for A,/A = 0, 0.5, 0.8, and 1.3. The
parameters in this case are the same as in Fig. 3.

0.03

the other multiplicities quickly decay to close the gap in the
semi-infinite limit (W — o0).

VII. GERMANENE GAP MANIPULATION

Using the GF formalism introduced in Secs. II-IV, we
have successfully described the electronic band structure of
bulk, semi-infinite, and finite layers of graphene-like materi-
als. These GF methods give us access to the spectral density
of states and can easily take into account extra parameters in
the Hamiltonian. In this section, we showcase this by studying
the effect of an external perpendicular electric field on the
electronic and topological properties of a germanene layer.
Germanene is a topological insulator with a topological invari-
ant characterized by a 2, index [35], which corresponds to a
nontrivial phase in the absence of an electric field analogous to
a graphene layer with induced spin-orbit coupling [66]. Here,
for simplicity, we only consider a semi-infinite armchair layer
where the gap closes at the center of the Brillouin zone for
q ~ 0, see Fig. 8(a). Our results below can be extended to
zigzag terminations noting, however, that the closing of the
gap takes place between valleys as depicted in Fig. 7. As
introduced in Eqs. (40) and (52), the parameter A, represents
the effect of such an external field perpendicular to the layer.

The semi-infinite armchair germanene layer features a
topological edge state crossing the Fermi energy [Fig. 8(a)].
For comparison, we reproduce this result in the top-left panel
of Fig. 14 (A, = 0) and proceed to study the evolution of the
edge state for finite 1,. As the external electric field increases,
the gap closes, removing the edge state (1,/A =~ 0.8), and
the layer becomes semimetallic. By further increasing the
field, the gap reopens into a trivial, semiconducting phase, i.e.,
without edge state. Such a topological gap manipulation has
been recently measured [67].

0.2

0.1

Trivial Trivial

0.02

VIA

FIG. 15. Zero-energy density of states of a semi-infinite armchair
germanene layer as a function of an external electric field and the
spin-orbit coupling. The parameters, in this case, are the same as in
Fig. 3.

The gap induced by the external electric field is thus com-
peting with the topological gap from the spin-orbit coupling,
Aso in Eq. (52). We explore such interplay in Fig. 15 by com-
puting the zero-energy LDOS as a function of both 1, and Ago.
The semi-infinite armchair germanene layer is topologically
nontrivial (trivial) when A, < Asp (A, > Asp), with critical
lines at A, = Agp.

In a finite-size system there is a width-dependent geomet-
rical effect on armchair nanoribbons, see Sec. VIB, which
persists in the trivial regime. However, the lowest energy level
when the geometric phase has been removed for W/a = 3n is
no longer zero, like in the nontrivial case, but determined by
the semiconducting gap, see green line with A, # 0 in Fig. 13.
Although the field required to close the gap in armchair
nanoribbons slightly depends on the width, for sufficiently
wide nanoribbons this variation with the width becomes neg-
ligible.

The spectral properties of germanene and other graphene-
like materials are of great interest after the recent development
of gap engineering methods [67—69]. The GF methods devel-
oped here provide a useful approach for the study of their
spectral and topological properties while tuning several phys-
ical parameters of the system.

VIII. CONCLUSIONS

We have developed a general and analytic method for
computing the microscopic Green’s functions of a two-
dimensional Dirac Hamiltonian with atomic-scale boundary
conditions. Our approach is thus valid for honeycomb lat-
tices with atomically well-defined zigzag and armchair edges,
and contains all the relevant information about the scattering
processes that take place at these edges, including spin, sub-
lattice (from the honeycomb structure), and valley degrees of
freedom.

We tested our Green’s function formalism by computing
the spectral and topological properties of several well-known
Dirac materials, like semimetal germanene and semiconduct-
ing transition metal dichalcogenides. Our approach allowed
us to characterize bulk (infinite two-dimensional layer), semi-
infinite, and finite layers. The zigzag termination resulted
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in the emergence of localized edge states, which have a
topological nature in germanene samples [35], and are
affected, in nanoribbons (finite layers), by the spectral quanti-
zation resulting from the finite ribbon length.

We go beyond previous works [32] showing that the topo-
logical properties of germanene are maintained for armchair
terminations. We also showed how the topological gap for
this material can be manipulated by an external electric field,
which could be helpful for field effect transistor using ger-
manene or silicene. This effect in silicene has been recently
measured [70], and its potential use as a topological field
effect transistor has also been theoretically explored [35].

The analytical formalism presented here aligns with cur-
rent efforts to explore and engineer novel two-dimensional
junctions with interesting quantum applications [71], as it
paves the way for the exploration of exotic electronic phases
in nanoscale junctions based on Dirac materials, including
important effects like edge terminations, valley-dependent
scattering, and finite-size effects.

In general, our approach provides an analytical alterna-
tive, with low computational cost, to simulate the low-energy
electronic properties of graphene-like materials at the atomic
level. It is straightforward to generalize it to study quan-
tum transport in junctions with atomic-scale electric contacts
[72-75], or to include magnetic or superconducting orders
[76]. In addition, the analytical expressions computed here of-
fer great flexibility to include several effects, such as band-gap
engineering, external fields, and even light-matter interactions
[68,69,77-79].
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APPENDIX A: ITERATIVE METHOD

In this section, we obtain O~ (x) given in Eq. (15) following
an iterative method. First, we start using Eq. (13) with x < x/
in the definition of the GF,

Gy, x) =87 X) + & (5, x)UataGrp(xa, X'). (Al
Here, G;R(xa, x') is given by Dyson’s equation,
Eq. (12), as

Grr(a, X') = [1+ 07 (x)1Z™ (xa, X'). (A2)
Substituting into Eq. (A1) we get
G, x) =2~ (0, x) + & (x, ) (A3)
x Ugta(1 + 07 (x0))E~ (g, X')-
Comparing Eq. (A3) with Eq. (12), namely,
Gyt =) = & (0, x) + 07 (0F (0, X,
we obtain the following equation for 0~ (x):
07 () = & (0. x)Uata + & (0, x)UaTa07 (x0). (A4

We then solve Eq. (A4) recursively to find

07 (¥) = Uag™ (x, Xa)ta Y UL (0)%,)".
p=0

(A5)

APPENDIX B: SCATTERING MATRIX

‘We now derive the expression and general properties of the
scattering matrix in Eq. (25). To define the scattering problem,
we consider a potential barrier at x = x,. Incoming states
from the left (right) of the barrier are ¥} (x) with amplitudes
a; [, (x) with a, ], which are solutions of Eq. (2). In the
absence of a potential barrier, a general unperturbed scattering
state reads

Yolx) =Y ab s (x). (B1)

In the presence of the barrier potential, the perturbed state
to the left or right of the barrier is obtained using Dyson’s
equation as

Vi) () = Yo (x) + 0~ ()0 (x,), (B2)

with ¥ (x) = ¥ f£(x) and f£(x) = e,

Owing to the translational invariance along the x direc-
tion, we proceed taking x, = 0 without loss of generality. For
simplicity, we also define ¥x(0) = ¢¥x and ¥y(0) = ¥y and
obtain

Yr = [14 07 0]

=1+ Z (7Y, B Za;,w;’,

n,m,e m' e
At
= Za;w’i + Z (ra E)nmafnwnt’ (B3)
m,e n,m,e

where we have used that Py, = 8, o8 w¥’,. Summing
over & we get

YR =Y @, ¥, + ) b, (B4)
with b being the outgoing scattering amplitudes,
b= G Dty + > G uma (B5)

Here, we have defined the transmission amplitudes as the
elements of the following matrix:

=147, (B6)
which allows us to rewrite Eq. (BS) as
bt =#t"a” +7iftat, (B7)
with
b = (by, by, ..., by)T, (B8)
a™l = (a,a,...,ay)". (B9)

The perturbed scattering state to the left of the barrier is
obtained analogously as

Y0y =Y aiyt+> by, (B10)
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with

(B11)
and

=1+7". (B12)
Combining the previous results, we define the scattering ma-
trix S as

(B13)

with

bt at
b:( _), a=< _>. (B14)
b a
Note that in the usual definition of the scattering matrix the
reflection amplitudes are in the diagonal, which results from
taking b7 = (b~7, b*T). In what follows, however, we use

S
~ ta r(l
Sa=\_, .

ra td

(B15)

We can now set the potential barrier at an arbitrary position
x, # 0 changing the scattering matrix as

$(xa) = f(=x)S8f (xa), (B16)
with
. ) 0
fxa) = - i (B17)
0 f (xq)
and
(%), @) = Sunfs (). (B18)

Here, S (xq) and S: are related by a unitary transformation since
f(=x0)f(x0) = 1.

As it is usually interpreted, b represents the outgoing flux
and a the incoming one. Consequently, the probability flux to
the right and left of the barrier reads

Je=vr Y (a7, + b7y Da Y (@, + b9
=vr » (1B = la, ).

n
Jo=vp Y @y a0 e Y @iy +av)
n n

(B19)

=vr Y _(laf > = b, ). (B20)

Conservation of the probability flux requires that J; = Jg;
therefore,

> Uaf P = b, Py = _(bf1* = la, ).

S Uai P +lay ) =D (551 + 16, 1),
n n

(B21)

(B22)

which we can recast in vector form as |b|*> = |a|>. As a result,
we find that
a'S"Sa=|a|?, (B23)
and thus,
a’'§’§ — hHa=0. (B24)

Equation (B24) proves that the scattering matrix is unitary;
that is,

§8§ =88 =1, (B25)
which we can recast using the reflection matrix 7 as
A+7)d+¥)=d+#K)d+r)=1. (B26)

APPENDIX C: NANORIBBON GREEN’S FUNCTION
AND BOUND STATES

In this section we provide more details on the derivation
of the nanoribbon GF, Eq. (37), and the associated bound
states. For the case of two potential barriers placed at x = x,
and x = x, > x,, the perturbed GF for the region between the
barriers is

Gap(x, ') = Gu(x, ') + 0= (0)G3, (xp, ¥'), (Cl)
for x > x/, where
G (x, X))
= S 2 g =X ()

n,m,e, &’

(C2)

with W~ given by Eq. (33), see also Eq. (32).

Equation (C1) can be solved after obtaining G>,. However,
to do so, one cannot take the limit U, — oo and invert w, be-
cause the matrix 7 has no inverse (det[7] = 0). To circumvent
this problem, we define the matrix

N =1-AU,*%, (C3)
with A = —i/(2hvr), and
. (N N
N=|(. 7). (C4)
LA

Ny =1- AU~ W)z, T,
Ny = —AUT~ (W), ~,

Ny = —AU%, ™,
Ny = AUy, (3 )71
We can now compute the inverse of N and then take the limit

U, — o0. To do so, we use Schur complement, which, for
example, is defined for submatrix Ny as

C =N, — NN, 'Ns.
Therefore, defining
Pt = AU(1 — AU %) '8,
we get
C=1-#w)w, ™, (C5)

with W = x;, — x,,.
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The inverse matrix of N is thus

which simplifies to

C—l
N7l =
#rCt Uyttt 1[1—U,,f+ W)HE, F1(%,

We can now take the limit U, — oo, resulting in
(o —C7' W)
WS = (C8)

—7, ¢~ (r_+)
Analogously, we get

- D+t
w = A
@)D

b (W
;‘.b—'l’é‘—l

D (x0)

. ()
f,:*(xb)D++f;—(xa>>

with
DYt =11 — )iy T (C10)
D™ =1 — i, T )t~ ()17 (C11)

As a result, we obtain the final form of the nanoribbon GF as
G5 x) = =— Zf%x)( =Yoo S (e ()"

(C12)

The nanoribbon’s bound states are obtained from the de-
nominator of the GF, that is, setting the inverse of D™+ or,
equivalently, D=, to zero. From Eq. (C10), this condition
reduces to

P )iy ) = 1.

We can interpret this condition as follows: inside the nanorib-
bon, the scattering state is a superposition of left and right

movers, namely,
_ +
Y= E (c,
n

At each potential barrier, x = x, 5, the amplitudes for left and
right movers, ¢, and ¢, respectively, are related by

(C13)

o U). (Cl4)

= Z r +()C;,)C (C15)
ch = Z P (xa)cy. (C16)
In matrix form we have
¢ =71, (C17)
¢t =" (x)e, (C18)
which form the closed cycle
et = ()P T (et (C19)

0\/1 -&N!
. ) (C6)
N;7'J\o i

e 1). (C7)

It is thus straightforward to get

(

[l = () ()] =0, (C20)

which corresponds to the zeros of the GF, as shown in
Eq. (C13). This result shows that the nanoribbon’s bound
states are determined by the reflection matrices at each edge
of the finite region, and can thus be obtained by the zeros of
the inverse of Eq. (C10).

APPENDIX D: GREEN’S FUNCTIONS FOR DIRAC
SYSTEMS WITH WELL-DEFINED EDGES

This Appendix contains the necessary definitions and
supplementary calculations to derive the GF of the zigzag
Hamiltonian in Eq. (40) and the armchair one in Eq. (51).

1. Zigzag Hamiltonian

The normalized eigenstates associated with Eq. (40) are

1 e
NER S , Dla
1 \/m< Nme 7 ) -
3 1 N lei it
Vg =——— P (D1b)
V2 cosay, —Nge 2
- osy)
- 1 Ngpe' 2
Uh = — ] (Do)
/2 €os ag, N, le—iz"
- | Nw,e’fzm
Vo = 77— asy (D1d)
J2cosag, | —NZlei7

The corresponding transposed states are

. 1 ’ 5
Ve = asn (D2)
2cosa”, Nme i

s L (Nl ” (D3)
”’_JZCosocm _NmeT" '

JreT 1//67. Next, the bulk GFs

It is thus possible to write /¢

reads
ik ('—x) [ N2 —els
< ’ sn
gy, x) =-— . , | (D4
2cosag, \ —e NS,]
- g = ST (N e (D5)
x,x') = . )
8on 2cosag \e@ N}
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-2 -1 0 1 2
Elt
FIG. 16. Density of states at the zigzag edge of a semi-infinite

TMD layer with A- (blue) and B-type (red) termination. All parame-
ters are the same as in Fig. 2 for valley K and spin-up electrons.

For a semi-infinite zigzag layer with an A-type border, the
projections of 7 into the eigenstates are

1

st _ a——
=1 = ————, (D6a)

S S 2NZ cos ag,
At— eia‘” (D6b)
‘E’ —_—

51 2 ’

ZNW COS ot
e_’am

st
. (D6c)

=,
2Ng, cos agy

which have been computed using Eq. (18). Similar expres-
sions are obtained for border B.

The semi-infinite zigzag GF can thus be compactly
written as

a m(x X ) = gm(x X ) _ euxmezkm(erx lxo)M:;f’ (D7)
where
N T
M =y, (V) (D8)

Substituting the eigenstates, Eq. (D1), we get

ik (x—x") —2 —iay

e!sn s €

Gu@ ) =Als——( W, a2 |-
2 cos oy \ e Nm

N;nZ efias,] -1
x 1 —N2eiow | |7
sn

with A = —i/(2hvr).
The GF evaluated at the zigzag edge with A-atom termina-
tion reads

GR>(xaaxa):_L 0 1 .
asn For\0 N2e

Analogously, when the zigzag edge is terminated in B-type
atoms, the GF adopts the same form as in Eq. (D10) with
the change N2 — 1/N2 n» cf. Eq. (48). This simple inversion
plays an 1mp0rtant role 1n the spectral properties of the layer,
as schematically described in Fig. 7. To show this effect more
clearly, we plot in Fig. 16 the density of states for each edge
termination, A and B, for a semiconducting TMD, showcasing
the band inversion. We note here that our continuum approach

eio‘w eik”, (x4x"—2x,)

2 cos oy

DY)

(D10)

still captures the rapid atomic-scale decay of the zigzag edge
states.

Finally, a compact expression for the zigzag nanoribbon
GFis

(x X ) — D++(etkmxw+ 3 lkw(x 2)(;,)1)0”’)

ab sn r;

X (e*lkxnx W;ZT + ;.;z*dkw(x 72x")’ﬁs:,T)»

(D11)
where
DIt =[1 —phmpg el (D12)
It is thus straightforward to get the edge GF as
- (0 1 -e2iasn gi2ksyW
. —i 1ot 2iesy g2iksy W
G s Xa) = — (D13)

2 qiasy (1 _ai2ksgWY |
Ng e (1—e)

T ety 2y W

hUF 0

valid when the left edge (x,) has A-type termination. As
explained above, for terminations on B atoms, Eq. (D13) is
changed as an — N;IZ.

2. Armchair Hamiltonian

Being block-diagonal, the solutions of Eq. (51) are pro-
jected into each valley, W, = (Y, ¥sx)7T with normalized
eigenstates

x ! Ne ™ (D14a)
= . a
K J2cosa; \ Neis
Y ! N (D14b)
K J2cosa; \ —Ne—i% )’
§ ! e (D14c)
My ——— e c
K S2eosal \ -4
| N-le—i%
Vg = —F—= P E (D14d)
V2cosal | pei%
and the states ¢, = 6,¥¢,, n = K, K, for example,
o 1 Nl
Yok = (D15)

7 o
V2cosap \ pr—1a-i%

As before, we can write wd. We have defined N =
Ny and N’ = Nk, see Eq (48) for valley K and K’, re-
spectively. Similarly, primed quantities («,, k, ...) refer to
valley K’. For simplicity, we omit the spin index s in the wave
functions and GFs.
The semi-infinite armchair GF at the edge x is

GR=(x0, x0) = (W + P Wi + b wiw,
+ (Vg + Mo VE + e YO, (D16)

where we have defined W§ = (yg, 0)” and ¥g, = (0, &),
with 0 = (0, 0)T.

The valley-projected scalar scattering amplitudes, such
as Plp, can be recast in terms of the auxiliary scalar
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FIG. 17. Density of states at the zigzag (ZZ) and armchair (AC)
edge of a semi-infinite germanene for different Fermi energies (Ey).

quantities 7S5, = ¥ y<. For instance, 7, = hih /hgk.
Using Eq. (D14), we get
ik =0
(ah—s) ,
__ ¢ (ﬁ _ ]le—iw;—as))
2 /cosascosa, \N" N

—+ _ g+ _ gt
hgx = hgx = Vg Vi

(D17a)

jlabter) NN
— e—(_ 4 _e—i(aﬁ-a.,-))
2/cosajcosa; \N' N
Y A DY
hek = Vi ¥V

- (og—as)
_ el 2 ([l’ _ ﬂei(ﬁl;%))
2, /cosascosa, \ N N’

(D17b)

(D17¢)

The resulting scattering amplitudes are
e i N2e—ios N/Ze—iot;
p s
KK N2eios + N72e—ie; ’

/ /
- 2NN,/cosascosasei%.%;

"yx = N2eies | N2e—ic,

(D18a)

,  (DI18b)

. NN'\/cosa cos s ;a5
P = —2—Y_ i3 (D18c)
N/Ze g 4 NZelaS
. " N/2 _ N2€7i(asfotx)
Frigr = €79 - .
K'K N/2 + NZez(og{-}—a:)

(D18d)

Finally, the armchair nanoribbon GF contains elements in all
valley projections. The projection into valleys n, m = K, K’,
Gim(x, x"), is shown in the main text, Eq. (58), and repeated
here for completeness:

Gy X'y = D fo (o, X )i M.

e,6/=%

Here, feo(x,x') = ff(0)f5 (), where ff(x) = e/Krtekx,

K, = K, K’, and k, = k;, k;. Moreover, the matrices of reflec-

(D19)

tion coefficients projected into each valley subspace, ?;;fs/,
with ¢, ¢’ = &, are obtained from

ZI(K’ e—2iksxa h_l e—i(2K+kJ+k;)x“
P () = o / KK . ;
—1 QiK—ks—k{)x, hyrk o —2ikix,
KK' hK’K
(D20a)
ZE 2ikexp hﬂ ei(—2K+ks k)
;\.b—-‘r(xb) — KK’ K'K i
—1 ei(2[(+k;+kA )Xp K'K eZik;xb
e =
KK' K'K

(D20b)

APPENDIX E: FERMI-ENERGY DEPENDENCE

The position of the Fermi level represented by Ep in
Eqgs. (40) and (52) becomes very important in heterostructures
to represent different doping levels and electrostatic barriers.
Here, we only consider isolated junctions where the effect of
EF is just a trivial shift of the band dispersion. For this reason,
in the main text we set Er = 0 in all plots.

For clarity, we now show the effect of a finite Fermi
energy plotting in Fig. 17 the density of states at the edge
of germanene semi-infinite layers with zigzag and armchair
terminations. In all cases we observe how the Fermi energy
shifts the position of the spectrum. The same effect takes place
for germanene nanoribbons, and semi-infinite and finite TMD
layers.
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