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Bidimensional crystals display unique properties of both fundamental and applied interest, with a good part
of these properties being related to the topological aspects of 2D materials. Discrete quantum walks models,
commonly used in the area of quantum information, are mathematical constructions in which the underlying
network topology plays a fundamental role in determining the systems behavior. Here we present a complete
scattering quantum walks approach to study 2D honeycomb lattice problems, the structure of paradigmatic 2D
Dirac materials like graphene, germanene and silicene. The framework great flexibility relies on considering
two arbitrary 3 x 3 unitary scattering matrices I'™® to describe the local dynamics in the lattice fundamental
cell. From a simple analytic choice for ['®, we address important aspects of 2D materials like transport
characteristics. We also readily obtain analytic formulas for quantities which are commonly derived from a
tight-binding approximation. Most importantly, we derive a rather general equation for the system energy bands
based on the determinant of products of I"®. We show that by properly setting these matrices (numerically),
we get good agreements between our calculations for the w and 7* energy bands of the graphene, germanene
and siliciene with accurate ab initio methods in the literature. We finally briefly discuss how the I'® could be

computed from first principles, making the present an useful protocol to investigate 2D materials.

DOLI: 10.1103/PhysRevB.108.094303

I. INTRODUCTION

More prominently since the 1980s [1-4], the realization
that topological factors can deeply determine key traits in
condensed matter physics has considerably enlarged our un-
derstanding of matter aggregation and organization [5-8].
Indeed, topology-induced properties and/or processes are
able to explain, e.g., phase transitions without symmetry
breaking [9,10], band gaps remaining finite along adiabatic
paths in parameter space [11], transport coefficients depen-
dent on topological invariants [12], and fractional charges
[11], to cite just few examples. All these features have
motivated the search for different materials with various fun-
damental and applied purposes [7,9,10,13,14].

In particular, 2D materials are systems for which topology
is especially significant in determining some of their funda-
mental characteristics [9,12,15,16]. It is also representative
that certain topological states in 3D solids have as origin-
embedded 2D layered motifs [17,18]. There are different
reasons for the relevance of topological effects in 2D struc-
tures (a good summary is given in Ref. [19]). We mention,
e.g., the great interplay between symmetry and topology in
planar materials [19,20].

Graphene, one of the best known and studied two-
dimensional stable crystals [21-32], is not an exception to the
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aforementioned scenario [33]. It consists of a monolayer of
sp? hybridized carbon atoms arranged in a regular hexagonal
(honeycomb) infinite lattice. Graphene displays remarkable
electronic features. It is a semimetal allowing ballisticlike
spreading of electrons [21,22]. Further, the graphene valence
and conductance bands touch at Dirac (or Brillouin zone
K) points, resembling massless fermions with a dispersion
relation linear around K. More broadly, it belongs to the
important class of 2D Dirac materials [34], part of them also
presenting a hexagonal structure as germanene and silicene
[35-38]. In fact, graphene, germanene and silicene are akin
in other aspects. For instance, when “cut” in finite sheets
(nanoribbons), all them behave either as conductors or semi-
conductors, depending on the geometry specific boundary
conditions, respectively, zigzag or armchair.

As expected, distinct methods (some computationally ex-
pensive) have been proposed, including ab initio and semiem-
pirical approaches, to calculate several properties of Dirac
materials (for general discussions see, e.g., Refs. [39,40]).
Nonetheless, it has been argued [33,41,42] that important
aspects of these systems might be inferred from their pure
geometric and topological structures. Of course, the actual
chemical species and chemical bond specificities are funda-
mental [43]. But, eventually, they could be treated effectively,
as a parametric dynamical factor incorporated into the model
description. Hence, one could consider topologically oriented
theoretical schemes to address characteristics like transport
and energy bands of Dirac systems, notably in honeycomb
lattices [44-47].

Quantum walks (QWSs) constitute a simple and versatile
mathematical framework along the above lines. Indeed, it is
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based on network (and thus topological) concepts and con-
structed using minimal rules of quantum mechanics [48-51].
Although finding distinct applications, like in cold atoms
trapping [52], molecular physics [53-55], and quantum op-
tics [56-58], by far the most common usage of QWs (in
its so-called coin formulation) is in quantum information
and computation [59-62]. Distinct works have also employed
QWs to analyze 2D materials, nevertheless usually focusing
just in specific aspects of the problem. For a glimpse see, e.g.,
the Refs. [44,45,47,63,64].

Considering the somehow more physically intuitive scat-
tering formulation for quantum walks (SQWs) [65-67]—
actually, it has been proven that coin and scattering QWs are
always unitarily equivalent [68], although the mapping may
be involved—recently, all the possible discrete time SQW
models in a plain (identical vertices) hexagonal lattice have
been classified [46]. In the present contribution, we show that
one of these SQW versions is particularly suitable to describe
2D Dirac materials in a honeycomb lattice.

We first review the basic formalism in the configuration
space of a proper SQW on a honeycomb (infinite) lattice,
also addressing its general properties, Secs. II and III. Then
we turn to the momentum space, deriving a general equa-
tion which yields the problem energy-band structures. Such
expression is based on two arbitrary U(3) scattering matri-
ces, '™ and I"™), whose particular parameter values should
be defined depending on each specific 2D system, Sec. IV.
By a simple choice for these matrices, we can obtain in
a rather straightforward way known analytic results as the
tight-binding approximation (in fact, going beyond it) and
a formula for the Fermi velocity, Sec. V. Different analysis
for actual materials—more extensively for graphene, but also
for germanene and silicene—are performed. Especially, we
illustrate that from appropriate ['™ and '), we get the 7
and 7* energy bands displaying very good agreement with
accurate ab initio computations in the literature, Sec. V1. Final
remarks, including a brief discussion of how the scattering
matrices might be inferred from first-principles calculations,
are given in Sec. VII. Certain derivations and protocols are
left to Appendices A—C.

II. THE SQW IN A HONEYCOMB LATTICE

A thorough description of how to formulate distinct SQW
models in a honeycomb lattice has been presented in Ref. [46].
In the following, we summarize only the essential ingredients
necessary for our goals in this contribution.

The honeycomb topological structure is depicted in
Fig. 1(a), where each pair (j, k) of integers represents a site
(vertex). The corresponding Cartesian coordinates are [with a
the bond (edge) length]

V3j _ 3k+9—(—1)k
) a, Yk = 4 3 a.
The basic structure used to define local scattering processes
as well as the o labeling convention for its bonds (or links)—
along which we assume two propagation directions—are
shown in Fig. 1(b).

The problem Hilbert space is spanned by the orthonormal
basis {|o, j, k)}, representing a propagation toward the site

ey

Xj=

FIG. 1. (a) The honeycomb lattice. Without loss of generality, the
k’s indicating the sites with one up and two down bonds are assumed
even numbers. (b) The reference structure used to label (as indicated)
the propagation direction quantum number o = 1, 2, 3. Along each
bond, two directions are possible.

(jv k) alOIlg the bond o = l7 2’ 3’ SO
(@, j Ko, j, k) = 85168 8k,
3
AIZZZW’J',/C)(a,j,kl. )
o=l jk

At discrete steps n (e.g., for the instant #,, we can assume
t, =nt forn € N and 7 a typical time interval) we have that

1Y) = 0" |4) 3

for |v) the system initial state. The action of U on |o, j, k)
yields

3
Olo, jky =Y 1910, I, j. k), K(a', j.k), 4

o’'=1

where J (¢’ j, k) and K(o’, j, k) indicate the adjacent sites to
(j, k) through the direction o”, or

J(0, jk)=j+ (0 —2)(=1)f,
Ko, j, k) =k + (=1, (3)

Above, the F((f";’(f)’s are matrix elements (of f‘(j’k)), describing
all the scattering processes that the particle can suffer: I" 0’,’;)
is the scattering amplitude from the bond o to the bond o’

through the site (j, k). Moreover, from the unitarity of U,

3 3
§ Gsk) k)% _ § Usk)x k) _
FO'(T/ FO.(T// e F(T/(T F(T”(T - 80’0”’ (6)
o=1 o=1
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so for any (j, k),

Mg Ty

P =g ety

r T Ty
-l e gl o

is a U(3) unitary matrix, whose main diagonal elements are
associated to reflection and all the others to transmission
coefficients.

For the system state at the n time step being |y,), the
probability to find the particle in the site (j, k) simply reads

3 3
pG ko) =Y 1o, j k)P =) [y G ksm)lP, (8)
o=1 o=1

where [{,) = Za,j,k Y, (Jj, k;n)lo, j, k). Thus, we define the
probability distributions of the j and k coordinates at n,
Dx(j, n) and py(k, n), as

pGmy = pGik,n),  pyl,ny =" p(j.k,n). (9
k J

Further, we can determinate the QW mean squared displace-
ment (MSD) as (rjx) = /7 + Y7 ),
2

D.=) p(iomx; =Y piomx; | . (10)
j j

2
Dy = Zpy(k, n)y; — (Z py(k, Vl))’k) , (11)
k k

2

D, =Y " p( k)i — | Do pG komyrge | - (12)
ik ik
Since QWs generally display superdiffusion, in fact, ballis-
tic behavior, one may expect the following scaling for D, (see,
e.g., Refs. [51,69,70]):

D, =Kt} =K1*n’ (13)

where K should depend only on the matrices’ I'’s parameters.
The correctness of the above ansatz will be tested for an
explicit example in the next section.

III. A SYMMETRIC EXAMPLE OF [G:0)
AND THE RESULTING DYNAMICS

There is a great freedom in choosing ["U’F). The most
general case in which all the reflection coefficients are equal,
likewise for all the transmissions, is described by the follow-
ing two-parameter unitary matrix:

ra@)  t(0) 13(0)
Pas(0,v) =expliyl| (0) ra0) 1(0) |,  (14)
15(0) 13(0)  ra(0)

1.0¢

0al — [ra®F

06l |5(6)°

0.4+

S AVANEAWANG

0.0, ‘ ‘ ‘ ‘
-7 —n/2 0 /2 n

FIG. 2. The modulus square of the reflection and transmission
coefficients of ["4z(6, y) in Eq. (14) as function of 6.

with (—7 < 6 < 7):

©) = — expli 0] 15(6) = 2 cos[0]
W= Ardcoszal BT /St dcos2]

s5)

The plots of |r4|? and |¢|? as function of @ are shown in Fig. 2.
Note that |r4]> = 1 for = 4 /2, with a minimum reflection
at @ =0, &7 when |r4(0)|*> = 1/9 and |t3(6)|> = 4/9. For
6 =y =0, the above [ is the so-called Grover matrix, widely
implemented in quantum search algorithms and in some mod-
els of QW [71-74].

For the following examples, in our expression for U in
Eq. (4), we assume that for any (j, k) we have ['V%) = [p.
We also set

1 3
= — ,0,0). 16
|¥0) ﬁ;w ) (16)

The resulting evolution at n = 200 is shown in Fig. 3 for
distinct values of the parameter 6. The plots display the nor-
malized probabilities to be in each site (j, k). Notice that
the rotation and inversion point symmetries of the observed
patterns are a natural consequence of the system underlying
triangular Bravais lattice structures (for details, see Sec. IV).
However, this becomes explicit in the present case only due
to the specific symmetry of the scattering matrix ['4z and
the particular initial state chosen, Eq. (16). For a compre-
hensive discussion about morphologies of general |y,)’s, see
Ref. [46]. Further, for 6 approaching 7 /2, the probability dis-
tribution tends to be more and more concentrated around the
originally populated ring [represented by Eq. (16)]. In fact, for
0 — £ /2 wehave |r4(0)|> — 1 (and |t3(0)|*> — 0), leading
to a full localization for the evolved quantum state.

We also investigate the radial MSD, Eq. (12). Figure 4(a)
[Fig. 4(b)] displays D, versus n (D, versus 6) for different
values of the parameter 6 (time step n). In Fig. 4(a), we
observe the expected ballistic behavior of QW’s, i.e., D, n?
for long n’s [62]. The general trend of D, versus 6 in Fig. 4(b)
resembles that of the transmission probability |¢5(6)|? seen in
Fig. 2. In Fig. 5, we depict D,/(an)?* as a function of 6 for
different values of the time step n. Note that even for short
n’s, such a quantity is fairly independent on time as predicted
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FIG. 3. For all 'V = [",5, the normalized probabilities to be at the sites (j, k) obtained from |iy,00) [With |¢) in Eq. (16)] for different

6 values.

800[

600¢

200¢

—6=0 (a)
— 6=0.257
— 6=0.337
— 6=0.3871
— 6=0.42n

200

‘ n =50 \

-

FIG. 4. For the conditions in Fig. 3, the radial D,, Eq. (12), as

)2 2
o)

function of (a) n for distinct 6 and (b) 0 for distinct 7.

by Eq. (13). So, we propose the following general fitting for
K(9) [cf. Eq. (13)]:

2 o0
a 2 2m
K@©)= =) |23(60)] E boy cos™[0],

m=0

a7

where the by,,’s are parameters to be adjusted. By truncat-
ing Eq. (17) up to m = 2, one finds by = 3.42 x 1072, by =
4.95 x 1073, and by = 6.78 x 1073, In Figs. 6 and 7, we
show the difference between the numerically calculated K (6)
and Eq. (17) with such m = 2 truncation. Overall, one finds
reasonably good agreement between the actual MSD D, and
the present fitting approximation.

0.020¢

0.015}

n=230
— n=2>50

r

42 2 0.010} e
— n=100
0.005 T
0.000, /  —n=200\ .
-7 —7/2 0 /2 T
0

FIG. 5. For the conditions in Fig. 3, plots of D, /(a*n?) versus 6
for distinct n (recall that t, = n 7).
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FIG. 6. For the conditions in Fig. 3, plots of D,/a* versus n for different 6’s, either from the actual time evolution (numerical) or from

D, = K*t? for K(9) given in the fitting Eq. (17), truncated up to m = 2 (approx.). Some discrepancy appears when 8 — 7 /2. The insets
highlight the behavior of D, /a® in the first time steps.

IV. SQW IN THE MOMENTUM SPACE: ENERGY BANDS

As is well-known [75], the honeycomb can be mapped
into a triangular Bravais lattice, but with two nonequivalent

20¢
15}
D,
— 10}
a2
5 L
0 -I 1 1 1 1
-7 -/2 0 /2 b
0
800F
600r
D, numerical
— 400 — approx.
200r
0 -l 1 n = |200 1 1
-7 —/2 0 /2 b/g
0

sites in its fundamental cell, Fig. 8. In this way, the sites
(j, k) corresponding to the associated two infinite sublattices
(named even and odd) are those having even and odd values

100f
80f
60f
a a0}

20f

numerical
— approx.

n=70

—/2

0 /2 bg

numerical
— approx.

n=150

a2

0 7T./2 b
6

FIG. 7. Similar to Fig. 6, but for D, /a® versus 6 for different n’s. The curves display discrepancies only for small n’s (see also the insets in

Fig. 6).
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j—4

j—2 J Jj+2 j+4

FIG. 8. The mapping of hexagonal lattice sites (black points)
onto a triangular Bravais lattice (gray points). The area enclosed by
the dashed line represents the Wigner-Seitz cell (WSc), whose trans-
lations by vectors ﬁ(,,l]_mz)—perpendicular to the WSc sides—cover
the whole plane. The WSc contains two sites, both having the same j

coordinate. However, one of even and the other of odd k coordinates.

for k. By setting the basic vectors as
G = 536, +38). @ =3(—V3e+38). (18

the Bravais lattice is generated by R, m,) = my @ + my @,
with (m;, my) integers. Furthermore, for

. O NS VO RS-, 3 R O
1= a ﬁex Sey ’ 2 = a ﬁex 3ey )
(19)

the reciprocal lattice is generated by G(m,,mz) = mlgl + mzl;z.
In Fig. 9, we illustrate a small region of the (infinite) recipro-
cal lattice, indicating the basic directions «, and «,.

To comply with the system’s perfect crystal symmetry, we
assume the SQW to be invariant under translations by the
Vector R(u, m,)- This implies that

F((Tj;;f) — F((T];:ml—mg,kﬂ (mi+mz)) (20)

ng + 2

ng +1
ng

TLQ—].

TL2—2
ny—1 n

ny+1

ny—2 ny+ 2

FIG. 9. The reciprocal associated with the Bravais lattice of
Fig 8. Akin to the direct lattice, it is also triangular. The area enclosed
by the dashed hexagon delimits the first Brillouin zone. The points
of high symmetry, I', K, and M, have, respectively, the coordinates,

0,0), (=57, 3%) and (0, 3).

Therefore, from Eq. (20) we find that the problem admits

just two possible distinct matrices, one for the sites with even

k’s, Ffj’,’(f”“") = 1"((:7) , and the other for the sites with odd k’s,
(okoad) __ (=)

r o'o - Fo’a’ or

U0 — f*((*l)"). 1)

We now introduce the translation operator, whose action on
a position state is

N

|F) = |7+ Ry m))- (22)

Ry my)

Then

= exp[ilz -R(ml,mz)]

3 — N ,
= exp |:i 54 ((1111—\/;12) K, + (my +m2)Ky>],

T
Rany my)

(23)

where K,, = P, /h, for P, the momentum operator in the w =
x, y direction. By defining (with A a normalization constant)

1 . .
o ke ky) = 52 3, D expli (ke + K, 3010 o K)
ik

1
= 7 2 2 expli (e + 1yl o /. K)

J Keven
1 . .
+ 57 22 2 &Pl (e + eyl o, K),
J koad
= |o, Ky, Ky)even + |o, Ky, Ky)odda (24)
we have that
Ry 10, ke, k6y) = 16 |0, K, K6y ). (25)

The operator TR(ml.mw takes sites in the even (odd) sublattice
to sites in the even (odd) sublattice. Then, |o, ky, Ky)even and
|o, Ky, Ky)oad are degenerate eigenstates of K.

To derive the 2D lattice system energy bands, as usual we
must compute the eigenvalues of the time evolution operator
U. But once the unit cell consists of two nonequivalent ver-
tices, Fig. 8, the evolution within the unit cell requires two
time steps. Thus, we need to consider the effective Uy given
by

A A

Our = U2, (26)
so the eigenvalue equation reads
Uesr lu) = exp[—2iE /8] |u), (27)

with E the eigenenergy associated to the eigenstate |u) and
g§=1"h/t.

As shown in Appendix A, [Uey, f‘k(m_mz)] = 0. Never-
theless, although the effective time evolution and transla-
tion operators do commute, |0, ky, ky), |0, Kx, Ky)even, and
|0, Ky, Ky)odad, individually are not eigenstates of U, as a direct
consequence of their degeneracy (see Appendix A). On the
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other hand, by writing

3
[k, Ky)) = Z C((er) lo, K, Ky)even

o=1

3
+ ) C o, K, Ky doda (28)

o=1

in Appendix A, we prove that by properly choosing the C{")
and C{™) coefficients, the above |u(k,, ky)) solves Eq. (27).
Moreover, the energy bands for the SQW in an infinite honey-
comb lattice are obtained from

det(F I"OFTTW® — exp[—2iE/&]1) = 0, (29)

with the 3 x 3 diagonal matrix F, function of ke and ky,
having the non-null elements [see Eq. (A10)]

F,, =exp [ia(?/@ca—i—f—l@v(_])")}, 30)

The expression in Eq. (29) is rather elucidating. First, we
observe that the elements of the matrix ¥ depend straight-
forwardly on k. and «,, but they unequivocally encode all
the hexagonal lattice topology information through the co-
efficients multiplying «, and «,. Actually, compare Eq. (30)
with Eq. (1). Second, the site characteristics are fully de-
termined by the 3 x 3 unitary matrices I"™®. We recall that
in the present construction, generally we need two different
matrices since we have two distinct sites in the unit cell (but
see next section). Third, given the infinite many possibilities
of setting I"® e U(3), this mathematically explains the huge
diversity of the actual Dirac cone materials in 2D [12,76,77].
In fact, Eq. (29) generalizes recent important results pointing
to further, i.e., beyond Dirac, geometric phase structures for
2D systems based on the group symmetry extension SU(2) —
SU(3) [78] (see also Ref. [79]).

In the next section, we discuss a specific situation in which
the energy bands E (k,, k) are analytically derived in a closed
exact form. Concrete honeycomb lattice materials are ad-
dressed in Sec. VI.

V. AN EXACT SOLVABLE EXAMPLE:
THE I,z SCATTERING MATRIX

As previously emphasized, in the most general case for a
honeycomb structure, we have two distinct scattering matri-
ces, ['™®). Moreover, the corresponding ['™®) elements should
reflect the eventually intricate interactions between the atoms
forming the crystal. This will be more concretely illustrated
in Sec. VI. However, we can get a proper qualitative under-
standing about the present approach by considering a simpler
situation, namely, by setting I"*) = "), Further, we can
assume arbitrary, but fully symmetric ' = '), thus al-
lowing analytic computations.

So, next we suppose [ =7 = f‘AB, with f‘AB in
Eq. (14). Thus, we find from Eq. (29) that in such idealized

model
2
0= (@h(z) — cos?[E/ + y])
x (sin[E/& +y — 0] +2sin[E/& +y +6]), B1)

with

3 3
h(k) =3+ 4cos |:\/_2Kxai| cos |: sza:| + 2 cos[v/3kyal,

(32)

where 0 < h(¢) < 9 for any «y, k. Since the arguments of the
sine functions in Eq. (31) do not depend on (k, y), the two ¥
dependent solutions of Eq. (31) read

Ei(k,0,y)= F?(arccos [;@m} _ y).
(33)

Equation (33) has three free parameters, y, 0, and &, which
therefore can be arbitrarily set. For instance, y is simply
a global phase factor in the scattering matrix of Eq. (14).
Nonetheless, from Eq. (33) we see that y leads to a shift in
the energy bands, thus constituting a tunable fitting parameter
for the offset of the dispersion relations. Also, in the present
particular case of [45, if y = /2 then |[E.(X,0,7/2)| =
|E_(kK, 0, m/2)|.

Figure 10 displays plots of the energy bands from Eq. (33),
normalized by &, for various values of 6 and y = /2. All of
them exhibit the same symmetry regardless of the values of
6. The maximum values for E, and the minimum values for
E_ are at the point I'. The upper and lower bands touch each
other at the K and K’ points, corresponding to the hexagon
vertices delimiting the first Brillouin zone, Fig. 9. There is a
conical shape (Dirac cone) around K and K, i.e., the energy
bands have a linear behavior as a function of the wave num-
bers around these high-symmetry points. This is akin to the
graphene energy band structures [24].

Detailed density plots of the bands in Fig. 10—highlighting
the first Brillouin zone—are depicted in Fig. 11. In particular,
for & = 0 we recall that f‘AB reduces to the Grover matrix, for
which |13(0)|> = 4/9 assumes its maximum possible value.
Analyzing the different graphs, we observe that 6 = 0 is the
only situation where at point I' (for which «, = «, = 0) the
band does not display a smooth behavior. This fact is better
visualized in Fig. 12, showing the band profiles along the
direction connecting the points of high symmetry, namely,
K, M, and I'. Figure 12 also clearly illustrates that the bands
touch each other at K and display the largest gap at I".

For y = /2 and arbitrary 6, the maximum of both |E. |
and |E_| (at I') is given by

3
Epn(0) = e(% _ arccos [Emg(e)q). (34)

The variation of E\,,x with 6 is displayed in Fig. 13. It vanishes
for |0| approaching 7 /2 once the transmission probability
tends to zero for & — £ /2 [cf. Eq. (15) and Fig. 2]. Such
trend is easy to understand since for 6§ = /2, the SQW in
the configuration space would become confined to the links
occupied in the initial state.
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4 =0.25x

FIG. 10. For different values of # and y = 7 /2, the energy bands, divided by &, resulting from Eq. (33).

A. The Fermi velocity and a tight-binding-like the expansion of Eq. (33) around K reads [for ¢, =
energy expression arctan[gy/q,] and § = (gx, qy)]
As aforementioned, the energy bands in Eq. (33) display a
linear behavior in the vicinity of K and K’. Hence, for y = . 32 |tg(0)] . cos[3¢,]
/2 and defining E+(G0,7/2) =+ — —|alfl+ — " (alq)’
(6113(0)1>—cos [6¢,1-T)
e @l )
. 27\ . n 27\ .
= |« — e Ky — —— |éy,
q T 33a)" YT 3, )% 35
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0.2 0.1
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K. d

FIG. 11. For distinct ’s and y = /2, density plots of the modulus of the energy bands normalized by their maximum value (recall that
in this case |E| = |E_|). The hexagons represent the first Brillouin zone, with the high symmetry points I, M, K, and K’ properly identified.
The bands exhibit the same symmetry regardless of 6. The maximum for |E.| lies in the point I', moreover with |E. | tending to zero at the

points K and K’ (forming the Dirac cone).

Now, keeping only the linear term in |g|, we have that in
first order the energy bands around K can be written as a
function of the Fermi velocity v [24,81], or (p = i §)

Ei(G,0,m/2) = £or(0)|pl,
3aglp@) _ 3alm®)l

oy
or(6) 4R P

(36)

Consistently, Eq. (36) corroborates the previous results for
the MSD in Sec. II as well as the proposed Eq. (17), given that

K@) = %6 52(0) me cos?[6]. (37)

m=0

In other words, the SQW MSD is proportional to the system
Fermi velocity.

Furthermore, from Eq. (33) we can derive the group veloc-
ity through

S 1 .
v4(i,0) = zV; EL(k,0,y). (38)

Hence, for the system in the state represented by Eq. (28) and
having the eigenvalues EL (¥, 0, y), we find

U+(k, 0) = £(ve(K, 0) & + vy(k, 0) &), (39)

with
@ 0) = 48 /3| cos[0]|
" \/'5 + 4.cos [20]] h(k) — (cos[0] h(k))*
el o))
(40)
vy(%, 60) = at 3| cos[0]|

h \/|5 + 4 cos[20]| h(k) — (cos [0] h(®))*
X sin |:3K7ya] cos |:\/§2Kxaj|. 41)

The group velocity is generally related to the scattering ma-
trix reflection and transmission coefficients. As illustrations,
notice first that v.(¥, & — 7 /2) — 0. But the reflection am-
plitude |r4(6)| in 45 is maximum (and 5(9) is zero) exactly
for & = 7 /2. Thus, the system becomes trapped, leading to a
null group velocity. Second, it is not difficult to realize that
[0+(K, 0 — 0)] = vpax(ky, ky). This is a consequence of 6 =
0 to yield the highest values for the transmission amplitude.

Lastly, regarding v, (¥, 0), from Egs. (36) and (38) one
easily finds that the modulus of the group velocity near the
Dirac points coincides with the Fermi velocity expression.
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— 6=0.257
/At — 0=0.337
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_71'/4.
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— 6=0.387
— 6=0.42n
6=0.461
—0.04} ‘ ) .
(ko—0kK) a K,a (ko+0K) a

FIG. 12. (a) The energy band profiles, given by Eq. (33) with
y =m /2, in the direction connecting the points of high sym-
metry. (b) The linear behavior of the energy bands around the
high-symmetry point K (and along the é, direction). Here koa =
27 /(3+/3) and 8k a = 0.05.

We end this section deriving two relevant results in the lit-
erature, somewhat surprisingly given the simple assumptions
made here, i.e., to set ['® = [",5. Indeed, note that around the
high-symmetry point K, h(ky, k) tends to zero. Then, from
the series expansion

T e (2n)! x2t!
arccos[x] = 3 — nX:(; WW, (42)
by taking x = (& |13(6)|/2) /h(ky, k), in first order Eq. (33)

simplifies to

Ei(k,0,y) = Ee/h(ky, ky), (43)

where the hopping energy can be identified as

e = 2 |tg(0)]/2. 44)
Further, using Eq. (44), we can rewrite Eq. (36) as
3ae
Up = —. 45
Vf o 45)

Remarkably, Eq. (43) corresponds to the energy bands ob-
tained from the tight-binding TB-1NN [80] model for the p,
orbital electrons of graphene [24,81]. In addition, Eq. (45) is
completely akin to the expression relating the Fermi velocity
to the hopping energy, as derived from the same TB-1NN
approximation [24,81].

We shall point out that all the developments in this
section—as to directly reproduce the tight-binding approxi-
mation and to derive Eq. (45)—are obtained by means of a
very basic SQW model, grounded just on the pure topological

/2t
3n/8f
E
njax /4t
&
/8f
O, . . . .
-7 —7/2 0 /2 b

0
FIG. 13. Enux/8, Eq. (34), as function of 6.

structure of a honeycomb lattice and on a very symmetric
local scattering matrix. These findings endorse the great sig-
nificance of topology in establishing key properties of 2D
materials. This will become even more evident from the anal-
ysis in the following section.

VI. SQW AND ACTUAL 2D DIRAC MATERIALS

Having discussed the SQW theory for a general 2D hexag-
onal lattice structure, next we address concrete honeycomb
bidimensional systems. With this aim, the graphene is cer-
tainly the natural candidate, being the most broadly studied
Dirac material [21,22]. Nonetheless, two other important ex-
amples are germanene and silicene. Although both are not
truly planar in a freestanding configuration, some studies have
calculated their band energies assuming such a simplification
(for proper discussions, see, e.g., Refs. [35-38,82,83]). We
will suppose the same here.

We divide our analysis in two parts. We first consider
the analytic expressions in Sec. V A, particularizing them to
the above three materials. We then compare the results with
computations in the literature. Second, we turn to the general
Eq. (29). We demonstrate it can accurately capture the same
profiles of the energy bands obtained via ab initio methods.

A. Energy bands from the scattering matrix Tag, Eq. (33)
1. Graphene

From the tight-binding model approximation TB-1NN
[24,80] allied to some empirical considerations, the exchange
energy between first-neighbor carbons in graphene has been
estimated to be ¢ =~ 2.75 eV [24,84-86], whereas measure-
ments lead to ¢ ~ 3.0 eV [24,87-90]. For their mutual
distance, one finds a = 1.42 A [81]. Hence, to contrast the
energy bands via the SQW (under the simplified scheme in
Sec. V A) with other approaches, we rewrite Eq. (44) as

& |1p(0)]
2

= Eeff. (46)

So, e is an effective hopping energy associated to the bare
parameters & and 6. For the graphene, we set e as either
et = 2.75 €V or & = 3.0 eV. For distinct 0, Table I dis-
plays the corresponding values of & and t = 1/ satisfying
Eq. (46).
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TABLE I. For graphene, assuming Eq. (46), the values of & and
7 for distinct 0s.

6 & (eV) for erp (for &cxp) T (fs) for erp (for gexp)
0 08.3 (09.0) 0.0798 (0.0731)
0.250 08.7 (09.5) 0.0756 (0.0694)
0.333 7 09.5 (10.4) 0.0691 (0.0634)
03857 11.0 (12.0) 0.0598 (0.0548)
0.420 13.5 (14.7) 0.0487 (0.0446)
0477 38.9 (42.4) 0.0169 (0.0155)

Different robust ab initio protocols aimed at investigating
distinct aspects of graphene can be found in the literature
(see, for example, Refs. [24,36,81,90-94]). In particular, for
the energy bands, very reliable calculations are presented in
Ref. [36] (hereafter ab initio 1) and in Ref. [94] (ab initio 2).

For six values of 6 and gt = e = 2.75 eV, in Fig. 14 we
compare Eq. (33)—assuming a = 1.42 A and the parameters
in Table I—with the results from TB-NN1, ab initio 1, and
ab initio 2 for the w and 7* graphene band structures. All
the plots present the energy profiles along the direction of the
high-symmetry points I', K, and M. As it should be (refer
to Sec. V A), near the K point, regardless of 6, the energy
bands from SQW and TB-INN closely agree. On the other
hand, around I" the TB-NN1 approximation and Eq. (33) are
similar only for 6 — m/2. In fact, TB-NN1 and Eq. (33)
coincide along the whole '-K—M curve just when 6 =~ 7 /2.
Mathematically, this is so because then |t3(6 =~ 7 /2)| ~ 0 and
a first-order truncation for the series in Eq. (42) works well for
any value of the function A(«y, &y).

Similarly to the TB-1INN approximation, Eq. (33) also
yields upper and lower bands which are just specular images
of each other (about E = 0). However, the plots from the ab
initio approaches show that this is not the case, with the &
and 7* bands displaying certain mutual asymmetries. Note
that by varying 6, one can make Eq. (33) fairly agree with
the ab initio methods either for the one or for the other band,
but not for both simultaneously. This indicates that to suppose
' =1 in Eq. (29) [as done to derive Eq. (33)] might be
a too strong simplification for the energy bands calculations
(see Sec. VIB).

As clear in Fig. 14, around the K point the tight-binding
approximations and thus also Eq. (33) tend to coincide with
more elaborated methods [84], like those from ab initio 1 and
ab initio 2. Since the region in the vicinity of K is the foremost
to determine transport features of graphene [81], the SQW
framework in its simplest construction already constitutes a
valuable tool to investigate the graphene transport character-
istics.

Finally, in Fig. 15 we repeat the same plots of Fig. 14, but
now with st = €exp = 3.0 eV. Qualitatively, the results are
essentially the same as those in Fig. 14.

2. Germanene and silicene

Different works [36-38,82,83,99] discuss that the planar
form of the germanene and silicene exhibit the same type of
hybridization and lattice structure of graphene, but distinct
lattice and hopping parameters. In this way, we can follow
exactly the same previous SQW construction to also analyze
these two 2D materials.

15¢

(b) 0=03337 ()

A Y~ -
—~ 50
% :
—  0r

- 5 E ............................

—-10t S~ ----- o abinitio ] o o e abinitio I
15; ----- - abinitio2 Y -e- - abinitio2 [ e - ab initio 2
: 9=03857 (d) 9=042071 (€ 9=04777 (

E. (eV)

----- - abinitio 2

-- ab initio 2

----- - ab initio 2

r K M r

K M r K M r

FIG. 14. Comparison between the graphene 7w and 7 * energy band structures obtained via TB-1NN with . = e = 2.75 eV [Eq. (43)],
ab initio 1 [36], ab initio 2 [94], and the SQW framework through Eq. (33), with y = 7 /2 and six different values of 6. The ab initio curves

have been digitalized from, respectively, Refs. [36,94].
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60=03857 () | §=04207 (e) ; 9=04777 (f)

E. (eV)

150 T - ab initio 2 ----- - ab initio 2 e - ab initio 2
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FIG. 15. The same as in Fig. 14, but for gt = £,y = 3.0 €V.

Figures 16 and 17 depict, respectively, the planar ger- compare the SQW, Eq. (33), for different 6 values and y =
manene and silicene m and 7* energy bands. The plots /2, the TB-NN1 approximation, Eq. (43), and the ab initio

7.5
] 6=03337 ()

5.01

2.5¢

E, (eV)

0.0}

-2.5¢

~5.07
5.0f

2.5¢

E. (eV)

0.0}

-2.5.

—5.0E
r K M r K M r K M r

FIG. 16. Comparison between the planar germanene 7 and 7* band structures obtained via TB-INN with e = 1.05 eV [Eq. (43)], ab
initio 1 [36], and the SQW framework through Eq. (33), with y = 7 /2 and six different values of 6. The ab initio 1 curve has been digitalized
from Ref. [36].
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FIG. 17. Comparison between the planar silicene w and 7 * band structures obtained via TB-1NN with e, = 1.03 eV [Eq. (43)], ab initio
1 [36], and the SQW framework through Eq. (33), with y = 7 /2 and six different values of 6. The ab initio 1 curve has been digitalized from

Ref. [36].

1 of Ref. [36]. For a and &, refer to Table II. The overall
trends of the SQW contrasted to the TB-1NN and ab initio
1 calculations are similar to those already observed for the
graphene in Figs. 14 and 15. For instance, the SQW model
gives very good results in the regions near the Dirac cones.
However, some distinctions can be identified. Taking the
ab initio 1 curves as a reference, the upper (lower) bands of
the germanene and silicene are better fitted by the SQW for
smaller (larger) values of 6, a behavior akin to that found for
graphene. But for the upper bands, the agreement is always
greater for the graphene than for the germanene and silicene.
Actually, for the latter two materials, the ab initio 1 upper
band curves are always above those from the SQW for any
6. So, the I peaks in the graphene 7* band are fairly well
described by SQW when 6 =~ 0.25 7, which is not the case
for germanene and silicene. On the other hand, around the M

TABLEII. Some parameters for the three 2D materials discussed
in the present paper. For those resulting from the SQW model with
the I"45 matrix, it has been set @ = /3 and y = /2.

Material aAy e wIPP e & 7(fs)
Graphene 1.42 2.75 8.73 8.74 9.356 0.0704
Germanene 243 1.05 5.81 5.81 3.634 0.181
Silicene 2.28 1.03 5.35 5.35 3.567 0.185

4References [36,38,95].

"Hopping parameter (in eV) and Fermi velocity (in units of 10°> m/s),
for the TB-1NN model [36,96-98].

°Fermi velocity for the SQW via Eq. (36) (in units of 10° m/s).

points of both bands, the SQW accordance tend to be higher
in Figs. 16 and 17 than in Figs. 14 and 15.

3. Fermi velocity

Under the simplifying assumptions discussed in Sec. V A,
the SQW model velocity near the Dirac cone regions is just
the corresponding material Fermi velocity. It is given by the
analytic approximation in Eq. (36).

By inspecting Figs. 14, 16, and 17, we see that 6 = 7 /3
leads to a good agreement between the SQW and the ab initio
computations around the symmetry point K [see all the (c)
panels] for the three discussed 2D materials.

Thus, considering Egs. (36) and (46), with 6 = /3, y =
7 /2 and the corresponding materials parameters, we calculate
v}SQW). In Table II, we compare v}SQW) with the tight-binding
v(FTB) obtained in the literature [36,96-98]. As expected, the
values are essentially the same, given the great agreement of
SQW and TB-1NN around the symmetry point K.

B. Energy bands from the general expression in Eq. (29)

As we have seen in the particular case of hexagonal lattices,
topology is one of the most relevant characteristics of SQW
models, where the dynamics is fully specified by the scattering
matrices and the spatial evolution established by the periodic
lattice local connectivity. Such key traits are manifested in
the very general expression for the energy bands in Eq. (29).
For instance, the former (latter) factor is concretely taken into
account by ['® (F) in Eq. (29). Therefore, if a formula like
Eq. (29) can accurately lead to the actual energy bands of 2D
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o SQW (two I''s)

_ abinitio 1

S 5
2
4 o
_57
_10,
r K M r

FIG. 18. The graphene energy band structures from Eq. (29),
with T £ ') (see main text). The results are compared with
those from the ab initio 1 method [36].

honeycomb systems, this certainly must be regarded as further
and very compelling evidence that important properties of
2D materials are indeed driven, at least in part [64], by their
topological features.

From the particular choice ['® = 45 in Sec. V, we have
been able to improve the traditional tight-binding approxima-
tion; refer to Eqgs. (33), (35), and (36). However, Eq. (33) does
not yield an overall good description for the 7 and 7* bands
when compared to more precise calculations from ab initio
methods (often employing DFT together with parametriza-
tion schemes, where relevant parameters are empirically or
semiempirically estimated). One problem is that [ is some-
what limited, depending only on two parameters, one a global
phase. So, conceivably it cannot properly capture all the
local physical-chemical aspects (e.g., the molecular orbital
features) of concrete materials as graphene.

Given the above, a key question is whether or not there
are ["#)’s such that Eq. (29) can properly describe the energy
bands E. (ky, ky) of a 2D honeycomb material. To address
this, the purpose next is not to compute ['™® from first prin-
ciples, say, from molecular orbitals calculations (nonetheless,
see the remarks in Sec. VII). Instead, we shall numerically
verify if specific '™ into Eq. (29) can reproduce the results
from the much more elaborated and involved ab initio ap-
proaches.

Thus, we have first written our U(3) matrices ['® in terms
of a general parametrization proposed in Ref. [100] (details in
Appendix B). Then, we have numerically varied these param-

7.5
e SQW (twoI''s)

— abinitio 1

5.0

E. (eV)

r K M r

FIG. 19. The same than in Fig. 18, but for the planar germanene.

7.5¢
3 o SQW(two I's)

_ abinitio 1

5.0

2.5¢

E, (eV)

r K M r

FIG. 20. The same than in Fig. 18, but for the planar silicene.

eters, generating distinct ['™®)’s. By solving the corresponding

Eq. (29), we have compared the obtained energy bands with
those from ab initio 1 [36], selecting the best results. The full
computational algorithm is described in Appendix C.

We have analyzed two situations. The first taking [ =
") =I". We observe this instance is computationally rea-
sonably fast to run. Then, an extensive scan in the parameters
space of I" was possible. As they should, the energy profiles
obtained (not shown) are better than those from Eq. (33) in
Sec. VI A. Nevertheless, we have found that if one band is
globally very similar to ab initio 1, the other, although overall
displaying a fair agreement, still presents some relevant dis-
crepancies in certain (,, k) intervals.

The second, obviously computationally more time con-
suming, has been to assume " and ["™) arbitrary. In this
case, by running the algorithm in Appendix C in a simple
personal computer of processor i7-9750h (4 Mhz) and 16
GB of RAM, for each system studied we have tested about
500 000 pairs of matrices for a simulation time of approxi-
mately 60 min. The best matrices found are those in Eq. (B3),
Appendix B. The corresponding energy band structures are
displayed in Figs. 18-20, respectively, for graphene, ger-
manene, and silicene.

We note that distinctly from the previous section, for the
graphene in Fig. 18 we see a global high similarity between
the curves from Eq. (29) and from the ab initio 1 protocol. A
certain discrepancy can be identified along the region between
the symmetry points K—M, more sensibly for the lower band.
But even then, the accordance is still fine.

For the germanene, Fig. 19, and silicene, Fig. 20, overall
the agreement is satisfactory, although not as good as for the
graphene. For example, observe in Fig. 19 that there are some
deviations, with Eq. (29) resulting in lower energy values for
the upper band close to the I' symmetry points. In Fig. 20, the
discrepancies are observed in different regions, along 'K for
the upper band and along K—M for the lower band.

We finally mention that the greater concurrence of the
SQW model with graphene than with germanene and silicene
is probably related to a fundamental geometrical feature of
the latter two materials. They are, in fact, buckled structures,
not fully stabilizing in the planar form [35,36,42,99,101] if
not deposited on substrates, like gold [102]. The buckling is
known to alter the band gap and shapes (from the eventual flat
disposition) in certain («y, k) ranges. Thus, aimed to a perfect
planar arrangement, our present framework might not fully
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describe the actual bands profiles of these materials in their
innate bent configurations. Furthermore, some assumptions
made in typical ab initio calculations for germane and silicene,
being ways to mitigate their nonplanarity [35,101,103-106],
introduce few deviations from the correct bands. In this way,
some mismatches observed in Figs. 19 and 20 may also be
artifacts arising from such approximations.

VII. FINAL REMARKS AND CONCLUSION

Motivated by the importance of topology in setting distinct
properties of 2D materials, we have developed a SQW model
to study honeycomb lattice systems. In such a framework,
local scattering dynamics are determined by arbitrary 3 x 3
unitary matrices I, defined on the network distinct sites. The
crystal case is established by supposing just two matrices ")
for the whole infinite structure, associated to the two sites of
the Wigner-Seitz cell.

For the simpler case of ') = ["®) = ["43(0, ), with [’y
given in Eq. (14), we have analyzed time evolution in the con-
figuration space, discussing characteristics as the associated
MSD and probability distributions along the lattice bonds.
As usual in QW models—and similarly to actual suspended
graphene structures [107]—we have observed ballisticlike
transport behavior in the system.

Formulating the problem in the momentum space, we have
derived a rather general expression, Eq. (29), yielding the
model energy bands as function of the scattering matrices
['™®. Again assuming I'® = ["43(0, y), the energy profiles
E.(k,0,y) are then given by Eq. (33). From Eq. (33) we
have straightforwardly derived the same tight-binding TB-
INN energies, group velocity, and Fermi velocity formulas
known in the literature (see, e.g., Refs. [24,81]). By varying 6
and y, the energy bands in Eq. (33) have been compared with
accurate ab initio calculations for the paradigmatic graphene
(a honeycomb Dirac material) as well as for two important 2D
crystals, germanene and silicene. Although the energy curves
can be made very similar in different relatively large regions
of (ky, ky) and are consistently better than the tight-binding
approximation, an everywhere (in ¥) good agreement using
an unique pair of values for (8, y) is not possible.

Lastly, by exploring the general Eq. (29)—i.e., allowing
[ and ') to be arbitrary—we have demonstrated that
by means of appropriate numerical choices for such matrices,
the agreement between our simple calculations with ab initio
methods is very good for graphene and rather satisfactory
for germanene and silicene. The discrepancies for these two
last examples are likely connected to the fact they are not
really stable in a full planar form. We also mention that for
germanene and silicene, although a small effect, spin-orbit
coupling (not included in the ab initio schemes considered
here) can induce a small opening of the Dirac point [106].
Interestingly, this effect may be incorporated into our formal-
ism through the matrices I'®). This will be the subject of a
forthcoming contribution.

Our present findings naturally raise a few relevant ques-
tions. From a fundamental point of view, a crucial one relates
to the exactness of Eq. (29). In Sec. VIB, we have seen our
construction does lead to fine numerical results. Nonethe-
less, a key issue is if the energy bands of a honeycomb 2D

crystal can indeed be exactly described by the expression
in Eq. (29)—of course, provided I"® are correctly speci-
fied. Some facts seem to point to a positive answer. First,
it has been rigorously proved for a hexagonal lattice [108]
that local scattering matrices, our I"®), should completely
determine any symmetric compact support potential (so, the
typical atomic interactions forming localized orbitals [109])
along a bond—see also Ref. [110]. This complies with cer-
tain scattering methods able to unveil properties of molecular
orbitals in molecular crystals [111] and the spatial shapes
of orbitals in molecules [112]. Second, the functional form
of Eq. (29), demanding only two scattering matrices for the
two nonequivalent sites in the basic cell (Sec. IV), are in
complete accordance with ab initio approaches, mainly con-
structed from the potentials between the atoms in the basic
cell [24,25,104].

Conversely, from a practical perspective the important
point is how to adequately determine the scattering matrices.
We emphasize that in this paper, instead of calculating "
from first principles, our goal has been to show that their
proper choice in Eq. (29) does result in the energy bands of
representative 2D crystal materials (graphene, germane, and
silicene). Therefore, we have numerically searched for "
so as to reproduce accurate results in the literature. However,
for novel systems obviously one would need to obtain ["®
by means of independent procedures (for a useful parallel in
the context of photonic crystals see, e.g., Refs. [58,113]). A
possible scheme would be to define an artificial molecule-
constituted by the (eventually extended) lattice primitive cell
and from ab initio quantum chemistry protocols, allied to
QW models [54,55] to solve for the molecular orbitals and
thus to obtain I'® from the orbitals overlaps (e.g., follow-
ing the prescription mentioned in Ref. [112]). Currently, this
is under investigation and progress will be reported in due
course.

As a final potential application, we recall we have ad-
dressed perfect infinite crystals. But our approach could
easily be considered for finite honeycomb sheets. In such
context, SQW models would be particularly useful to test
finite size effects [114], e.g., how the geometry of specific
boundary conditions, such as zigzag, armchair and even their
combination, would determine the conductivity character of
nanoribbons.
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APPENDIX A: THE ACTION OF U ON THE MOMENT
EIGENSTATES AND THE ENERGY BANDS DERIVATION

Here we derive important results for Sec. IV. We start by
showing that [Ukg, Tﬁ( )] =0.
my,my
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Given |o, j, k) in Eq. (24), 7(j.x) = (xj, y¢) in Eq. (1), and
the relation in Eq. (22), we have

With the help of Eq. (4), we can write U in the basis {|o, j, k)}

as
ZZZFSOD)W T, j. k), K(o', j, K)o, j, kl.

jk o o
(A2)
TR0+ oK) = 0 = o, ket 2Gmyma)). (AD gy e m e (AT, (20), and (21):
J
2, 7y 1)k 7 7. ;. .
Ry U =22 2 T8I0’ T (0! jo k) +my = my Ko, j, k) + 2 (my +mo)) o, j K, (A3)
jk o o
Oz, =2 0 2 T le’, T, j, k), Ko, o kMo, j = my 4 ma, k=2 (my +mo)]. (Ad)
jk o o'
Now, from the labeling change j — j — m; +my and k — k — 2 (m; + m,) in Eq. (A4) and since
J,j+m —my, k+20m +m)) =J(o, j, k) +m —my,
Ko, j+my —my, k+2(m +mp)) = K(o, j, k) +2[m +my), (AS)

one readily finds that Eqs (A3) and (A4) coincide. So, the commutation between U and 7 is established and, consequently, that

between U = U2 and T.

Next we address the action of U (representing two time steps) on the momentum states of Eq. (24). Observe that if k is even
(odd) then K(o, j, k) is odd (even) regardless of o and j. Thus, from Egs. (4) and (5), it reads

Uetlo, j, k

ZZ PG TCC M 167, T(6", T (o' j. k). Ko, j ) Kio”, T (o', j. k). K@, j. k).

=X e - -

—o") k+ (=D (=17 = (=1)")). (A6)

We shall write the above equation in the momentum space. With this goal, we consider Eq. (24), also setting f(c”,0') =

(6’ —o”)and g(o”,0’) = (—1)° — (=1)°". Hence

Ueit |0, kv, iey)

NZZZZ F(( 0] 1-*( ( Dk exp[i(Kxxj+Kyyk)]

x|o”, j+(=Df f(a”,0"), k+ (=) g(c”, 0")).

(A7)

Under U, a state corresponding to site (j, k) can evolve only to the states associated to sites (j’, k') belonging to the

set

(k) el(h), (j£2,k),(G£1,k=2), (j£1,k+2)}.

In this way, k and k' have the same parity. Also, from Eq. (1)

V3

k " /
X1 fon.oy = Xj = (=17 == f(o7, 0)a,

v
Y1 gomony = Yo — (=17 7

3 gld”,d")a. (A8)

Then, from the following changes in Eq. (A7): j' = j+ (=1)* f(¢”,0") and k' = k + (=1)* g(¢”, o), we get

2 ' . ! \/g 7 / 3 " /
Uct lo, Ky, ky) = NZZZZ F[ ( Dk]F[( Dl exp|:—t(—1)k a(Tf(o , 0 ) Ky —i—Zg(U , O )Ky)i|

x expli (kx Xy + Kyyk’)] |U”» j/a k/)

i ZZ { ZZW T exp [ ~ia <*/7§ ' 0" 11— (—1)"’/]@)]

e\en

+y > )exp|:+ia<%§ (0' — ") iy +Z[(—1)“’—(—1)“”]K_\,>”

7 kaa
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x expli (ke xj + &y i)l o7 K).
= S F OB ) 107, ks ke heven + 3 BT DR PO 07, ke, o (A9)

o o

Above, the diagonal unitary matrix F has the elements (for 8,+, the usual Kronecker’s delta)

3 3 "
Fa”a’ = exp |:la <§ Ky o” + ZKy (—1)0 >] 50/'0/. (AIO)

From the actual structure of Eq. (A9), one directly sees that neither |, ky, k}), |0, Ky, Ky)even OF |0, Ky, Ky)odd are eigenstates
of U.g. But then we consider

lulics, 1)) = Y CSP |0, keas ky)even + Y CS7) 10, kex, Ky oda- (A1)
By imposing that
Uesr |, y)) = exp[—2iE /] [u(k, &y)). (A12)
it reads [for O a3 x 3 null matrix and for s = £ with C®" = € e
FLOF® 0 ) ot
0 EIPHE PO

The solution of Eq. (A13) implies that (with 1 the 3 x 3 identity matrix)
0 = det(F M'OFT I — exp[—2iE /2] 1) det(FT T F ') — exp[—2iE /2] 1). (Al4)

It is straightforward to prove that both determinants in Eq. (A14) result in the same expression. So, the energy bands for our
problem is given by Eq. (29) in Sec. IV.

APPENDIX B: A GENERAL PARAMETRIZATION FOR THE UNITARY MATRICES I"®

To search for appropriate scattering matrices in Eq. (29), leading to numerically accurate energy bands, it is very handy to
consider a specific parametrization for ['®. Therefore, we adopt the one proposed in Ref. [100]. Supposing the same global
phase factor y™) =y =y, we write I'® = exp[i y]18®, so the SU(3) matrices S are written as

. Siu Sz Si3
S=181 S»n Sxs]|, (BD)
S31 S 83

where [100]
S11 = cos[6,] cos[6:] explip1], Sz = cos[0;] cos[03] expli p-],
S33 = cos[6] cos[63] exp[—i(¢1 + ¢2)] — sin[61] sin[6>] sin[63] exp[i (—¢3 + P4 + ¢5)],
S21 = sin[6] sin[63] exp[—i (¢4 + ¢s)] — sin[0;] cos[Ba] cos[B5] expli (p1 + ¢2 — ¢3)], S12 = sin[6;] expli ¢s],
S23 = —cos[6,] sin[63] exp[—i(¢p1 + ¢5)] — sin[61] sin[6:] cos[63] expli (P2 — @3 + ¢4)], Sz = cos[6;] sin[63] expli ¢s],
S31 = —sin[01] cos[6:] sin[63] expli (¢1 — @3 + P5)] — sin[62] cos[05] exp[—i (2 + P4)], S13 = cos[61] sin[62] expli ¢4].
(B2)

Here 0 < 01,6,,03 < /2,0 < ¢1, ¢2, ¢3, ¢a, 5 < 271

Then, we have numerically varied the parameters as defined above (both for I'*) and ['(-), solved the corresponding Eq. (29),
and compared the obtained energy bands with the computations from the ab inition methods mentioned in the main text, looking
for the best agreements. From such (limited in time) searching procedure, see Appendix C, we have found that the optimal S&)
’s are

—0.688114 — 0.150771i  —0.246765 — 0.2626i  —0.381596 — 0.477807 i
G = [ —0.180346 + 0.405402i  —0.410796 — 0.418278i  0.67699 + 00331718 |,

—0.546443 +0.0910583;  0.317197 + 0.652552i  0.399643 — 0.0834001 i

—0.138184 4 0.00919204i  —0.828744 + 0.438194i  —0.315014 + 0.0525038 i
8Ct=| 0867777+0.0560679i  0.0422888 +0.0754977i  —0.424689 — 0.236579i |,

0.20242 + 0.428562 i —0.124223 — 0.313448i —0.0501766 + 0.811888 i
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_ _ () 1) (O
No The distance d Sm)=1d, {6, 07y}
n=N+1 ——
generator
—n-=n+1
Yes
— Upgrade the rule R to
No a Gaussian distribution
I=L+1 ——= Update of S using S
—1—==1+1
Yes
End

Update of S

Start

No The distance d
m=M+1 generator
Yes
End
No m-»m+ 1
The distance d Yoy

generator

Start

Substitute in S
@ 4G )
{d max, 19 0' 3“/( ‘}max}
by

(SN G)

{d, 0. 0" vy

— From R, generate
{67670y}, yielding T (x)
= Solve Eq. (29) for E(?K)
— Obtain P from E(i()K)

— Calculate d = [P,op— P|

e

End

FIG. 21. Flowchart of the algorithm which numerically searches for proper matrices I'® leading, from Eq. (29), to energy band structures
closely resembling those from the ab initio 1 computations [36]. The protocol operational details are given by (i)—(v) in Appendix C.

—0.235401 — 0.234025 i

S — | —0.50009 — 0.644277 i

0.907655 + 0.00356565 i
—0.137028 — 0.0414458 i

—0.149145 + 0.209104i
0.317586 — 0.46202i |,

= 0.473104 +0.0284348i  0.269421 — 0.288216i  —0.218807 — 0.756195
—0.38446 — 0.0755964i  0.12191 — 0.652291;  0.112986 + 0.627188 i
86 = [ -0.316329 +0.606195i  —0.105728 + 0.454626i  —0.352752 + 0.43608 |,
0.0840718 — 0.609813i  —0.359216 + 0.461254i  0.188915 + 0.493539 i
—0.107015 — 0.00798447i  —0.0265558 + 0.869958i  0.269032 — 0.398214
§C = | —0.690817 —0.648893i  —0.0470178 4+ 0.0331329i  —0.306416 + 0.0671659. |,
—0.300254 4+ 0.0064432i  0.0124119 — 0.488882i  0.460001 — 0.677529 i
—0.457887 4 0324023  0.538585 4 0.326047  —0.533475 4 0.0661224 i
§C) = | —0.35892 +0.442505i  —0.239453 +0.39051i  0.611317 +0.303022i |, (B3)
0.60042 +0.0144789i  —0.210423 +0.591191i  —0.309735 + 0.386738 i
MOTEOVer,  Yyrar = —0.39870242089536767,  Bgrar = —11.073477059111063;  ygerm = 0.309361885861335,  Egerm =

4.371430728147026; ysi = —0.3565029108304439, &4, = —5.38457659978849.

APPENDIX C: THE NUMERICAL SEARCH
PROCEDURE FOR ['®

As previously mentioned, we have implemented a numer-
ical protocol to search for proper I'®)’s which, once inserted
into Eq. (29), yield energy band structures closely agreeing

(

with those from the ab initio 1 method [36] discussed in the
main text. For the run times considered, never more than one
hour for each material, the best found I'®’s are those given
in Eq. (B3). The flowchart in Fig. 21 summarizes the actual
algorithm. The main quantities/variables and the key stages
of the procedure are the following.
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(1) Per= {p17 sy PPus PPut1s - s pp;¢+Pl}’ with pPj=
E(ky j, ky ) if j <P, and pj = E_(ky j, ky ;) if j> P,
calculated from the ab initio 1 approach. Thus, P is the
reference set of P = P, 4 P; points from the upper and lower
energy bands generated by ab initio 1. The (x, ;, k) ;) are
fairly equally spaced along the direction of the high-symmetry
points I', K, and M (refer to Figs. 18-20). We have set P, =
58, P; = 50 for graphene, P, = 93, P; = 87 for germanene,
and P, = 69, P; = 59 for silicene.

(i) For each pair of matrices I'®), E(#) results from
Eq. (29). The set P = {E(ky,;, ky,;)} is computed for E either
E, or E_ depending on j. So, the distance d = |Pyt — P|
VX p) = Eenje )P

(iii) To test distinct T'®)’s, we randomly choose the 6(%)’s,
#*s and y (see Appendix B) values according to a specified
rule R, which is upgraded in the code each time the set S
is updated. For sake of discussion, consider z generically
representing any one of the 6*)’s, ¢*)’s, y parameters. In
the routine initialization, when for the first time the set § —
whose elements S(n) have the form {d, {Gs(i), ¢§i), y}} —is
generated (see Fig. 21), the rule R is simply to draw z from
a uniform distribution (obviously, within the proper interval
of 7). For the subsequent upgrades of R, the code takes the K
collection of matrices parameters in S resulting in the lowest
d’s. For each specific parameter z, the routine calculates an
average zg and variance o, g over the corresponding K sample.
Then, the redefined rule R becomes to sort the z’s drawn from
a Gaussian distribution characterized by Zs and o g.

(iv) Updates of S are implemented by substituting the el-
ement S(n) of S presenting the largest distance quantifier, of

reads d =

value dpay, by the parameters of a randomly created pair '®
whenever they lead to d < dpax-

(v) Lastly, the quantities N, L, M, and K, see Fig. 21,
have been established by means of preliminary numerical
tests (the aforementioned run times do not include such ini-
tial simulations). The values used are N =M =75, L =
6695, K = 13 for graphene; N =M =75, L = 6695, K =
15 for germanene; and N = M =75, L = 6695, K = 15 for
silicene.

Finally, we mention an extra condition, not described in
the algorithm depicted in Fig. 21. Eventually, d could be
small because most of the points in P, and P are very
close together. However, a few special (but important) points,
usually around I', K, and M, could display considerable
discrepancies. So, we have assumed an additional selection
rule, besides discarding those matrices leading to large d’s.
If d is small, but some great local variations of |Ps — P|
occur around the symmetry points, the corresponding I'®
are also eliminated. This extra exclusion is rarely employed
for the graphene. But it is frequent for germanene and sil-
icene. For example, for the about 500 000 pairs of matrices
tested for germanene and silicene only, respectively, 29%
and 34% showed no strong local fluctuations for the dif-
ference between the points of P.r and P in the vicinity of
I', K, or M. We speculate that global small d’s also tend
to lead to the nonexistence of strong local fluctuations of
|Pet — P| for the former but not for the two latter because
although graphene does present a truly stable planar config-
uration, germanene and silicene do not (see the discussion in
Sec. VIB).
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