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Abstract:  Within the earlier developed high—energy—% - p-Hamiltonian approach to describe
graphene-like materials, the simulations of non-Abelian Zak phases and band structure of the
quasi-relativistic graphene model with a number of flavors N = 3 have been performed in
approximations with and without gauge fields (flavors). It has been shown that a Zak-phases
set for non-Abelian Majorana-like excitations (modes) in Dirac valleys of the quasi-relativistic
graphene model is the cyclic group Z;;. This group is deformed into Zg at sufficiently high
momenta due to deconfinement of the modes. Since the deconfinement removes the degeneracy
of the eightfolding valleys, Weyl nodes and antinodes emerge. We offer that a Majorana-like mass
term of the quasi-relativistic model affects the graphene band structure in the following way. Firstly,
the inverse symmetry emerges in the graphene model with Majorana-like mass term, and secondly
the mass term shifts the location of Weyl nodes and antinodes into the region of higher energies.

Keywords: graphene; Majorana-like equation; Majorana-like mass term; non-Abelian Zak phase

PACS: 73.22.-f; 81.05.Bx

1. Introduction

Currently, topological graphene-like materials attract great attention due to possibility of
implementing robust quantum computing on quantum devices constructed from such materials.
Types of topological defects in the band structure of graphene-like materials are diverse, namely Weyl
nodes and antinodes [1], Weyl nodal (antinodal) lines [2], drumhead-like surface flat bands [3,4],
and zero-energy Majorana modes [5], even though the crystal structure of all topological materials is
either hexagonal or almost hexagonal [6]. Establishing a mechanism of the influence of the degree of
symmetry breaking due to spin—orbit coupling (SOC) on the type of the band-structure defectiveness
is a challenge, but it is extremely important for applications of topological materials. A hindrance
to solving this problem lies in impossibility to construct maximally localized Wannier orbitals in a
lattice site i for a band structure with topological defects owing to the presence of the defect in the
site i. Majorana end states were implemented as subgap levels of an atomic chain on the surface
of a p-wave superconductor. This system is named a Kitaev’s chain [7,8]. These subgap levels
are similar to Shockley or Shiba states bound to electric or magnetic end impurities (see [9,10] and
references therein) but Shockley or Shiba states do not possess topological stability of vortex states.
By connecting three Kitaev’s chains into Y-like form and tuning interactions A;, i = 1,2, 3 of the edge
Majorana fermions in that Y-trijunction, it is possible to force two Majorana midgap states from three
ones at the ends of the trijunction to alternatively change their positions [11]. The main problem of
the Kitaev’s-chain network is the broadening of Majorana chain-end states in the place of contacts
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between the chains and, respectively, the small lifetime of Majorana quasi-particle excitations in
the Kitaev’s chain. As it turns out [12], an interface between a topological isolator (TI) and a s-wave
superconductor can be described by the same system of equations as for the Kitaev’s chain. Zero-energy
Weyl nodes and anti-nodes (monopoles) in TI-surface band structure play a role of Majorana-vortex
cores, and Cooper pairs are a “feathering” of these cores. The advantage of the implementation of
motionless Majorane-like excitations on the edge of metallic TI-surfaces is an opportunity to realize an
interchanging (one-dimensional braiding) of Majorana particles among themselves on a contactless
Y-shaped Josephson junction, which increases the Majorana lifetime [13-18].

A chiral massless Dirac fermion (helical state) acquires a phase 7w when bypassing on a closed
loop due to its spin (helicity) pointing in the direction of motion. Two Majorana bound states, which
form this Dirac fermion, are interchanged at such bypass by Dirac fermion and, respectively, one more
interchange of the Majorana fermions is necessary to place them on their original positions. Therefore,
at single interchange of Majorana particles, their wave function gains only half of the phase 71/2 gained
by the massless Dirac fermion the particles compose. Accordingly, on every Majorana fermion in the
pair, the phase shift 77/4 is accounted for, signifying that the statistics of the Majorana helical edge
states is non-Abelian.

Graphene is a bipolar material for which there exists a diverging contribution of electron—electron
interactions leading to a diverging behavior of Fermi velocity v near the Dirac point K [19]. Therefore,
graphene belongs to strongly correlated many-body systems. The electron is a complex fermion,
thus, if one decomposes it into its real and imaginary parts, which would be Majorana fermions,
they are rapidly re-mixed by electromagnetic interactions. However, such a decomposition could
be reasonable for graphene because of the effective electrostatic screening. An imposition of strong
SOC results in the appearance of Majorana-like excitations at the ends of a Fe atom chain on the
surface of conventional superconductor composed of Pb atoms [20]. At the present time, there exist
experimental signatures of graphene Majorana states in graphene-superconductor junctions without
the need for SOC [5]. However, a Dirac-mass Kane-Mele-term [21] originating from non-zero SOC is a
negligibly small one of order 1073 meV for graphene at K. A model of interacting spins s;,i = 1,..., N, of
Dirac particles (s = %) on a honeycomb lattice may be mapped on free Majorana fermions hopping in
a static gauge field W [22]. This model predicts suddenly topological phases of spin metals. However,
in the Kitaev approach the problem of redefinition of the Majorana hopping and W of the magnetically
ordered system into physical characteristics suitable for the description of pseudo-Dirac massless fermions
in diamagnetic graphene was not solved. Another challenge in graphene physics is the problem of
dynamical mass of graphene charge carriers that, for example, an Eliashberg self-consistent technique
predicted an excitonic pairing in a graphene-like system with a number of physical flavors N = 2
originating from a dynamic screening at low energy E in K [23]. The ab initio calculations predicted
also a gapped band structure of two-dimensional graphite, although for 3D graphite it is known as
gapless one [24]. However, in accordance with experimental data [19], although vr is diverged near K, no
insulating phases emerge at E as low as 0.1 meV. Thus, the mass term for graphene cannot be of the Dirac
type. Constructions of a mass term preserving chiral symmetry for a graphene model of Majorana type
are absent.

In relativistic quantum mechanics, a quasi-relativistic approximation is known (see, e.g., the
review in [25]) as the following procedure. In terms of the bispinor composed of two spinor components

Y= ;{; , the Dirac equation reads

(D—mcz) Y =Ey
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where the operator D is written as

D me? +V co-p
N ct-p  —m*+V

with 7 being a vector of Pauli matrixes, j the momentum, m the electron mass, ¢ the speed of light,
and V some scalar potential. If one is interested in electronic states only, the relation between upper
and lower bispinor components can be written in the form y = X¢, with X being a solution of the
equation 2mc?X = cop — [X, V] — cX@ - pX. One can omit the last two terms on the right-hand side of
the last equation and obtain X = % In this case, the lower bispinor (x) component is of the order ¢!
of the upper (@) one, which corresponds to the use of the leading term in series expansion on ¢! for
the original systems and is known as quasi-relativistic theory or limit.

Our model of graphene originates from the genuine relativistic approach and is derived by this
procedure in a self-consistent Dirac-Hartree—Fock field approximation [26-30]. We called this model
the quasi-relativistic graphene model. A two-dimensional (2D) graphene model with pseudo-Dirac
massless fermions as charge carriers is originated from the Wallace’s model of three-dimensional (3D)
graphite [31] derived within non-relativistic quantum mechanics. The projection of the 3D-model into
the pseudo-Dirac 2D-model predicts the values of electrical and magnetic characteristics that differ
by two orders of magnitude from their experimental values, and in this model there is no universal
limit for the low-frequency conductivity of graphene. Moreover, the pseudo-Dirac model does not
describe experimental signatures of graphene Majorana states in graphene-superconductor junctions
without the need for SOC [5]. It is also known [32] that the usage of non-relativistic approaches
fails when applied to ab initio band simulations of solids. This is why all software in this field
(see, e.g., [33-35]) employs the genuine Dirac equation and appropriate field theory variants. Thus,
the pseudo-Dirac model needs substantial extension and generalization. We offer our quasi-relativistic
graphene model as such a generalization. An analysis of Majorana-like graphene models becomes
relevant in connection with the discovery of an unconventional superconductivity for twisted bilayer
graphene at a very small angle 6, of rotation of one monoatomic layer (monolayer) relative to another
one [36]. A feature of the unconventional superconductivity is accompanying insulator states such
as flat bands being Dirac cone-like bands with zero Fermi velocity at 6. In the case of graphene
monolayer without strain, a phenomenological tight-binding model of the graphene superlattice with
interlayer interaction of the graphite type predicts such flat bands at 6); only [37] but unfortunately
parameters of this non-realistic model cannot be adapted to experimental data.

In this paper, we investigate a vortex dynamics of charge carriers in the quasi-relativistic graphene
model and its approximations using a high-energy k- g Hamiltonian. The Wilson non-closed loop
method to characterize band-structure topology through holonomy is used to study the relationship
between the topology of the Brillouin zone, the symmetry breaking of the band structure, spin-orbital
coupling, and different types of resonances in the graphene model.

2. Theoretical Background

Graphene is a 2D semimetal hexagonal monolayer, which is comprised of two trigonal sublattices
A, B. Semi-metallicity of graphene is provided by delocalization of 77(p,)-electron orbitals on a
hexagonal crystal cell. Since the energies of relativistic terms 77%(Dj3 ;) and 71(P3/,) of a hydrogen-like
atom are equal to each other [38], there is an indirect exchange through d-electron states to break
a dimer. Therefore, a quasi-relativistic model monolayer graphene, besides the configuration with
three dimers per the cell, also has a configuration with two dimers and one broken conjugate double
bond per the cell. The high-energy k- P Hamiltonian of a quasi-particle in the sublattice, for example
A, reads

2
Y e (s o i i
{‘7 p+o-h (KB - KA)} [WEaA) — ?ZABZBA@":UA 0, —0) = Equ9pt,, |0, —0), 1
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[Y5a) = Zpat’ 5, |0,—0) @)

where 9, , 0, —0) is a spinor wave function (vector in the Hilbert space); & = {ox, 0y} is the 2D
vector of the Pauli matrixes; j = {px, py} is the 2D momentum operator; X 4p and Xp, are relativistic
exchange operators for sublattices A, B, respectively; L 4p¥p 4 is an unconventional Majorana-like mass
term for a quasi-particle in the sublattice A; |5 ,) is a spinor wave function of quasi-particle in the
sublattice B; and K 4(Kp) denotes the graphene Dirac point (valley) K(K’) in the Brillouin zone. A small

term 717 - (KB -K A) ~ % in Equation (1) is a spin—valley—current coupling. One can see that the term
with conventional mass in Equation (1) is absent. Since the exchange operators transform a wave function
from sublattice A into B and vice versa in accord with Equation (2), the following expression holds

1P54) = ZpAZapZpa |P4) = T2 4T APA + 284 (ZaB, Zpal [¥4) = T2 4{Za +Z§}1 (Zap, Zpal} [Pa) -

Since the latter can be written inthe form |} ,) = X2 , [4), one gets the following property of
the exchange operator matrix:

[P54) = a 'SpalPa) =T5a [Pa), 3)

with some parameter a. Due to the property in Equation (3), one can transform Equation (1) into the
following form:

(254584 ) - (254 (F+1(Rs — Ra)) £pa) T55534 (25467 0,204 ) (Z5410,—0) ) — 22 W
% (Z5AZABTEA ) Toa (Zhdt o, Zna) (25410, —0)) = SghEpTaa (254670, Z0a) (Z5410,—0)) -

Let us introduce the following notations

- BA — BA - —
T e =/ _yv—1 2 _v—1
Oap = Zpa0%BA, Ppa = ZpaPLBa, K'p —K'y =2X5,(Kp—Ka)Zpa,

®)
. . ~t 1 _
MBA = IZDCZBAZAB, MAB = lZO‘ZABZBAr lp/701/4 = Zg}qthAZBAr 0, —(7',> = ZB}K |0, —0’> .
Then, Equation (4) can be rewritten as
. N ~ BA - BA 1 ~t e At
[UZB : (P Ba tH(Kp —K'y )) - CM;'AB:| Spay_ g, |0,—0") = 05 EZpay’_py [0, —").  (6)
Here, o is the Fermi velocity operator: or = Xp4,

My = £33 MapZpa- ?)

Equation (6) formally is similar to the massless Dirac fermion equation.

Let us prove that the mass operators M g, Mp4 remain invariant under the action of exchange
interactions in Equation (7), namely, the transformed mass operator M, ; in Equation (7) for an electron
(hole) in the Majorana mode represents itself the mass operator Mp4 for a hole (electron) in this mode.
Using the property in Equation (3), we transform Equation (1) an another way:

(ZBAFTZE;}‘) - (ZBA (ﬁ+ h(Kp — IZA)) zgjl) Toa (ZBAJ;*_,,A 0, —0))

©)
o A N
—122 (ZpaZaB) Zpa (ZBAIIJLTA |0, —(T>) = EquZpad’s, 0,—0).
Then, due to the property in Equation (3), X34 (ZB APt A) = %ZB APt ,, and by the following
notations
Gap = Lpa0lps, Ppa = Zpa gy, KB — KB4 =4 (Kp — Ka)Zg), ©)
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Equation (8) can be rewritten as
= N = = 1 ~ A ~
|:(7AB : (PBA +h(Kg4 — KQA)) - CMBA} g’ 10,—0) = 05 'EquZpat’,, |0, —0). (10)

. ~ . .
Since the operator X4 acts on vectors ¢’ o, |0, —¢’) and ¢t , |0, —0), belonging to the same
Hilbert space, the operator Mp 4 represents itself a result of the transformation in Equation (7):

Mgy = Myp. (11)

Owing to the invariance of the operators Mps, Map with respect to the transformation in
Equation (7), their eigenvalues are dynamical masses of the Dirac fermions, which gain in the
Majorana-like superposition (Majorana electron-hole pair).

An equation similar to Equation (10) can be also written for the sublattice B. As a result, one gets
the equations of motion for a Majorana bispinor (|$45), [¢54))T [26,28]:

d
[77% Pap — C_lMAB} $ap) =iz, [¥5a), (12)
. . 9
(4 - Fia— 7 (Mpa)"| [8a) = —iz; [9h5)- (13)

3. Band Structure and Non-Abelian Zak Phase Simulations

The system of Equations (12) and (13) for the stationary case can be approximated by a Dirac-like
equation with a “Majorana-force” correction in the following way. The operator Zgllg in Equation (12)
plays a role of Fermi velocity as well: ¢ = ¥ 4p. Then, one can assume that there is the following
expansion up to a normalization constant (0| or [0) = (0| 9 |0):

2
$ap) = A7|‘Pﬁ)/;> ZABZBA Pa5) = {ZBA+[Z<*€|2FZI‘S;‘\]}|¢AB> ”

~ {14+ OEtannall L1y )

where [+, -] denotes the commutator, ALY = X4 — X4p. Substituting Equations (2) and (14) into the
right-hand side of Equation (13), one gets the Dirac-like equation with a “Majorana-force” correction
of an order of energy difference of quantum exchange for two graphene sublattices:

_ AS 4 [Zap, T .
048 Fua = Mua] Iy ) = £ {14 BT EamEnall g 15

where E = E/ (0| 9r |0). The exchange interaction term X%, is determined as [30]

SR o
rel ( );:A((;)) > 0, =) [0,0) = ( ng ZSB ) ( X)gf (%) ) 0,—0)[0,0),  (16)

B B

ZAB?/C\Z;B (7)10,0) = /deX 5(7)10,0) Aap(0, —0i|x" 4 (i) V(i = )X =05 (1) 10, —0), (17)
Eoaf’,, (710 -0) = 3 | AR ()10, -0) Bpal0,0r K}y (2)V G = DR, (IO (19
i'=1

Here, interaction (2 x 2)-matrices A4p and Ap,4 are gauge fields (or components of a gauge
field). Vector-potentials for these gauge fields are determined by the phases agand a; y, k =1, 2, 3
of 7t(p,)-electron wave functions ¥p_(7) and 1/Jpz, iﬁk(?)' k =1, 2, 3, respectively, for which the
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exchange interaction X7, (Equation (16)) accounting for the nearest lattice neighbors for a tight-binding
approximation reads [26,27,30]

Y o — 1 —1(0k , —Ok) > ki _71.5 VI(P\d7
AB = me ;exp{l[ A — il - z}/ ()dr
Vayp Py, (7) g, (Alyp, (A + v 5 (7)]
<\ ) o s Orep Olwp ey, ) | (19)
¥ 5 MWp_5 () + p. (7)] 7

_ 1 —1(6x, 0 = -
s = e s) Zexp{ Kiy — ) 57} / v (7)d7

Wp_ 5, (P +vp, Pllwp P4, 5 ()

y o )l 5 () + v, () 0)
~¥p.(Mlyp, (N + v, 5 (7)] Vayp, My, 5 ()

where the origin of the reference frame is located at a given site on the sublattice A (B); V(7) is
the three-dimensional (3D) Coulomb potential; designations Ippzr +5 (7, l/JpZ, 45 (fap) = p_(F £ &),

i = 1,2,3 refer to atomic orbitals of p,-electrons with 3D radius-vectors 7 = 5; in the neighbor lattice
sites (_5; ; and nearest to the reference site ; 7 + 3; is the p;-electron 3D-radius-vector. Elements of the
matrices > 4p and Xp 4 include bilinear combinations of the wave functions so that their phases &g and
a4k, k=1, 2, 3enterinto Ayp and A, from Equations (17) and (18) in the form

.| v, 15 [exp (00—} = [vp. |9, 15| Dir 1)

Therefore, an effective number N of flavors in our gauge field theory is equal to 3. Then, owing to
translational symmetry, we determine the gauge fields A, ; in Equation (21) in the following form:

Bi(g) = exp (£1e2(9)(7-5)) 22)

Substituting the relative phases in Equation (22) of particles and holes into Equation (19), one gets
the exchange interaction operator X 4

_ _ z %
Z — Z(ek QKB ) 11 12 23
AP V2(2m)3 I Zp ®3)

with following matrix elements:

T = V2 {5 A (g explilR) — 7 5} b, 2o = {5 (1 + 8 j@)) expGlR), -] -5} ), (24)

T = {2 <I£1A+,j(q)A_,j(q) + I{1A_,]-(q)) exp{1[K], — 7] '3;‘}}, (25)

]
Xy = V2 {Z‘ (I£2A+,j(07) + By Iy A (@)D i(q) + IilA"j(qD xpllRy ~7 .5]'}} -
j

where I, = [V(7) Yp. +n51p p.-md dr, i,k = 1,2; (n;,my) = (0,1), (n,mz) = (0,0), (ng,my) =
(np,my) = (1,1). There are sumlar formulas for Xp4.
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Now, neglecting the mass term, we can find the solution of Equation (15) by the successive
approximation technique as:

EO (AL(Ay) + [£a(Asi), Zpa(Bi)]) $45) = El
(0[0F[0)?

1)
[pap). (27)

G55 (Dsi) - Pap(Dii) [Pap) + %

1)

According to Equation (22), eigenvalues E; /, i = 1, 2 of Equation (27) as well as eigenvalues
Ei, i=1,...,4 of the 4 x 4 Hamiltonian in Equations (12) and (13) are functionals of c+. To eliminate
arbitrariness in the choice of phase factors c+, one needs a gauge condition for the gauge fields. The
eigenvalues E;, i = 1,...,4 are real because the system of Equations (12) and (13) is transformed to
the Klein-Gordon-Fock equation [28]. Therefore, we impose the gauge condition as a requirement on
the absence of imaginary parts in the eigenvalues E;, i = 1,...,4 of the Hamiltonian in Equations (12)
and (13):
Qm(E)) =0,i=1,...,4. (28)

To satisfy the condition in Equation (28) in the momentum space, we minimize a function
fleq,c=) =Y, |Sm E;|, the absolute minimum of which coincides with the solution of the system
in Equation (28). For the mass case, band structures for the sublattice Hamiltonians are the same.
Therefore, neglecting the mass term, the cost function is f = 22, |3m E;|. For the non-zero mass
case, we assume the same form of the function f due to smallness of the mass correction.

Topological defect pushes out a charge carrier from its location. The operator of this
non-zero displacement presents a projected position operator P7¥P with the projection operator

P =0 |9,2) (Y
bands, k is a momentum. Eigenvalues of P7P are called Zak phase [39]. The Zak phase coincides with
a phase

for the occupied subspace of states ¢ (7). Here, N is a number of occupied

Ymn =1 / <l[1m’ﬂv%‘4]n}>~dﬁ, nm=1,...,N (29)

(k)
of a Wilson loop W™" =T exp(iymn) being a path-ordered (T) exponential with the integral over a
closed contour C(k) [40]. Let us discretize the Wilson loop by Wilson lines Wk

i1k

Nyy—reo Nyy—reo Kis1 0 .
W= 1T W= 1T ew (= [ (vua| 5| vua) a7 (30)

i=0 i=0 ki

Here, momenta Ei, i =0,1,...,Nyy form a sequence of the points on a curve (ordered path),
connecting initial and final points in the Brillouin zone: k; = ko + Z}:l Akjj1,Dkjji 1 =ki—kji1—0
and ENW = EO i, z,n=1,..., N are eigenstates of a model Hamiltonian. We perform the integration

by parts and then expand the matrix element Wi{’ﬁ” i ki1 — ki — 0 of the Wilson line with Bloch
i+144

waves ,, 2() for our model hamiltonian into series in terms of AE]-,]-_lz

"'ki+ * b4 P74 — Jdry; (7 n‘ﬂ i 7
Wi’::j(', = exp (_ Z}‘ f dr \/k;:: ' ¢mrq;: (”)%wnﬂ,n (f)dLI]t) =e f rlpm,q(r)lp ,q<r) exp (ZV f drlp”rﬁ,, (V)
kyi * — — - * — * — -
[ 2, (r)dqy> — (@) (1 X A, () - l,bm/km(r))lpnlk”'i(r» ,

Wi

(31)

i+l

where §(q) is a Dirac d-function, 8, is the Kronecker symbol, and k; < 7 < k4 1. Taking into account
that e 9(@dmn =1 — 4, and a band-crossing condition

<1Pm,i|1/’n,%> = [Pun> = Y 9 [* G = 6mi01) = Y 191l = Y (910 01010 = 1 — Sy
n,l

Ly In
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in Equation (31), one gets

2 = o) (W 10k ) = (W01 ¥uz) = (Vo | 9k, (32)

In our calculation of Equations (30) and (32) for the Hamiltonian without the mass term, the
number N of bands is equal to four (N = 4): two electron and hole valent bands and two electron and
hole conduction bands. We consider the parallel transport of filled Bloch waves around momentum
loops I'because the basis of Wannier functions generated only by the occupied Bloch eigenstates. A
global characterization of all Dirac touching is possible with a non-Abelian Zak invariant defined over
a noncontractible momentum loop [39]. Therefore, instead the closed contour, we take a curve C (E)
being one side T(ky) of the equilateral triangle of variable size (defined by the value of k, component

of the wavevector k) with the coordinate system origin in the Dirac K(K’)-point. A change 7y F(ky)]
in the flux of the non-Abelian gauge field along the non-closed oriented loop T(ky) in the occupied
half Brillouin zone of graphene is shown in Figure 1a. The N phases are defined then as arguments

of the eigenvalues of the Wilson loop. One chooses Ny, (Nyy = 500) that a “noise” in output data is
sufficiently small to observe discrete values of Zak phases.

(a) () (d)

0.004

0.002

0.002
0.004  -0.002 0__ 0002 0.004

S
A/ [K,|
(b)

D,/n D,/n D, /n
1.0, 1.0 .

1.0

/K]

'!xsq'

/1K

ettt .o o el . 4
0.1 02 03 ) e, 0T 02 0.3 . . 0.1 0.2 03 04ty
* . c N . . N .o
—0.5| —0sf ¢ _-_'__-.-..,:..-‘.._'.__..-_'-,:....,
Y, R RCU LR . S DY, 4 S

-

Figure 1. (a) Definition of a change ¥ [T(ky)] in the flux of non-Abelian gauge field along the paths

T(ky) to define Wilson loops. A rhombic first Brillouin zone (BZ) of the honeycomb lattice consisting of
two triangular sublattices A (green) and B (red) is labelled with a dashed line. High-symmetry points
are I, K(K'), M. Occupied half-BZ is gray shaded. A reference point of coordinates (ky,ky) is in T.
(b,e) Non-Abelian phases @1, . .., @4 of the Wilson-loop eigenvalues in the units of 7t at non-zero (b)
and zero (e) gauge fields. (c) A spin—orbit texture of the bands on momentum scales q/K = 0.002 in
contour plots and a model vortex of the precessing orbitals in inset to (d). The angle #,0 < & < 71/21is
a variable precession angle of p,-orbital. (d,f) Sketch of topological defects for the quasi-relativistic
graphene model at non-zero (d) and zero (f) gauge fields; a bypass over each contour in (d,f) gives
phase shift value 477; § = k — K.
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4. Results and Discussion

Simulation of the Zak phases was performed for three graphene models: the first one is a
massless pseudo-Dirac fermion model [8]; the second one is our quasi-relativistic graphene model in
an approximation of zero gauge field; and the third model is the same but accounting for the non-zero
gauge field. The results are presented in Table 1 and Figure 1b,e.

Table 1. Topological characterization of the graphene models: Model 1 is the massless pseudo-Dirac
fermion model, and Models 2 and 3 are the quasi-relativistic graphene model in the approximations
of zero- and nonzero-gauge field, respectively. the second column from the left: arguments of the
Wilson-loop eigenvalues W(gqy).

Type of the Graphene Model Arg W(qy)
Model 1 {0, £7};
Model 2 {0, £7t/2, £7};
{0,-m/6,-2m/6,-3m/6,...,—m} atq, — 0,
Model 3 {0,—m/4,—m/2,-3m/4, —m} atg, > 0.2|K]|,

{0,—m/4,—-m/2,-3m/4,—m} and {0, 77/2, 7} at g, > 0.24|K|

Up to finite accuracy of the numeric method, we get a discrete set of obtained values of phases for
considered models. For the massless pseudo-Dirac model, arguments of the Wilson-loop eigenvalues
are equal to 0, £7r and are multipliers of /3. Hence, due to hexagonal symmetry of the lattice, the
first model is a topologically trivial one.

For the second model, there exist two different sets of the Wilson-loop-arguments eigenvalues,
namely one set 0, £7t in the vicinity of the Dirac point K(K’) and a second one 0, £71/2, -7 at
sufficiently high values of wavevectors g, = k, — K4, (see Figure le). This testifies the topological
non-triviality of the second model. In the vicinity of K(K’), the arguments of the Wilson-loop
eigenvalues form the same cyclic group Z; as for the case of the massless pseudo-Dirac model.
Additional values +7r/2 of the Wilson-loop arguments and two cyclic groups Z; with generators
7t/2 or —7/2, respectively, are at values of Jy /K4 higher than 0.05. The observed deformation of the
cyclic group Z; to Z4 is a consequence of the increase in spin—orbit coupling at the high g,,. The strong
spin—orbital coupling lifts the degeneration on pseudospin. Meanwhile, Weyl node and antinode
emerge. Since the cyclic group is Z4, the Weyl node (antinode) should be a double defect (in the form of
two singular points). Only in this case, as shown in Figure 1f, bypassing the doubled node (antinode)
along a contour with a double rotation on an angle 47 gives the phase shift for the wave function
by 27. Since the Weyl node (antinode), similar to any quantum fermion state, is a Kramers doublet,
its doubling is a result of splitting spin degeneration owing to the spin—orbital-coupling breaking
of time-reversal symmetry. However, resulting homotopy group Z, x Z, protects the electron-hole
symmetry for the approximation with zero gauge field.

As simulation results for the third model demonstrate in Figure 1b, paths with the topological Zak
phases, multiple to (—71/6) , constitute the cyclic groups Z; in the vicinity of K(K’) at small momenta
gy and additional Majorana Wilson-loop-arguments eigenvalues, multiple to (—7/4), appear at high
qgy- These results testify that the quasi-relativistic graphene model is a topologically nontrivial one in the
entire energy range. A contour plot in Figure 1c displays the vortex distribution of levels of equal energy
in the zone. The vorticity of the distribution around defects originates a band dichroism. Simulations
discovers eight right- and left-handed vortices on the surfaces of electron and hole bands, as shown
in Figure 2a. A (—7/6) rotation is equivalent to a (—7/2) rotation due to hexagonal symmetry
and, correspondingly, the electron and hole configurations in the momentum space are orthogonal to
each other. A schematic representation of this electron—hole configuration in the form of a T-shaped
trijunction of four peculiar points (topological defects) is presented in Figure 1d. An atomic chain with
two topological defects at the ends implements a Majorana particle. Therefore, the trijunction is formed
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by three Majorana particles (modes) produced in flavor states, a number of flavors N = 3. The total
angular momentum 7 of such a Majorana-like excitation is equal to T = Zf’zl 71- with the absolute value
] = 3/2. Here, j; is angular momentum of ith Majorana particle, i = 1,2,3. Majorana and antiMajorana
states (excitations) with | = 3/2 differ by the projections Jy=-3 /2,—1/2,1/2,3/2 of the total angular
momentum J. Therefore, the Majorana and antiMajorana excitations confined in the Dirac point by
hexagonal symmetry are fourth-fold degenerated. Fusions and fissions of the configuration of three
Majorana modes with | = 3/2 are represented in an inset to Figure 1c as precession of the p,-electron
orbital with a variable procession angle and the total angular momentum jp_ = 3/2. The cyclic group
Z1; existing at small momenta g, § — O testifies that hexagonal symmetry confines the Majorana mode
in the vicinity of the Dirac point owing to small spin—orbital coupling. We associate each component
of the Majorana (antiMajorana) excitation with the projection J, one of these vortex states of the band
structure. Then, the coincidence of the four left-handed (right-handed) bands at small g, ¢ — 0 implies
the degeneracy of these vortices in the K(K’). We call these vortex states subreplicas.

Increasing spin-orbit interaction at high g, splits the degeneracy of vortex states on ], and,
correspondingly, the degeneracy of the subreplicas. The appearance of eight subreplicas is shown in
Figures 2a and 3. This octal splitting of conical bands represents a phenomenon of Majorana particles
deconfinement. The deconfinement violates the hexagonal symmetry that SOC deforms the cyclic
group Z1, with the generator (—7t/6) to Zg with the generator (—7/4). Zak phase values, multiple to
/4, appear at momenta g, > 0.2|K|, as shown in Figure 1b. A configuration of four nondegenerate
vortices is equivalent to a T-shaped trijunction from three deconfined Majorana modes or anti-modes.
As shown in Figure 1d, the bypass of the T-shaped trijunction along a contour with four turns by an
angle of 47t gives a phase shift for the wave function by 27t, while at bypass of a single vortex defect
the wave function acquires the phase 71/4. The deformation is accompanied by subsequent flatting
of the bands that the Fermi velocity trends to 0, as Figure 3 demonstrates. Since the Majorana “force
Equation (27) diverges for the flat bands, four vortices in the T-trijunction are always linked at high
energies, but they become asymptotically free in the vicinity of the Dirac points (g — 0). The splitting
of the Dirac cones by strong SOC into the non-coinciding four electron and four hole subreplicas
implies the break of electron-hole symmetry. This violation is revealed as an appearance of additional
topological Zak phases equal to 77/2, 7t and, correspondingly, an additional cyclic group Z,4 at values of
momentum g, > 0.24K. Resonances and antiresonances that are non-invariant with respect to change
in sign of the energy band E of the form E — —E are observed in the band structure (see Figure 3) as
a manifestation of broken electron-hole symmetry due to strong SOC. Vortices are created in pairs.
Therefore, one can assume that the observed resonances and anti-resonances are, respectively, the
cores (sinks) and anti-cores (sources) of the vortices remaining after the destruction of their pair at
the spin—orbital coupling. Such topological defects are monopoles and are called Weyl nodes and
antinodes. Since the homotopy group is Z4, the Weyl nodes (antinodes) in the quasi-relativistic
graphene model are doubled. Since spin states are Kramers doublets, this doubling can be explained
by violation of the symmetry of time reversal, which splits the Kramers degeneracy on spin of Weyl
nodes and antinodes.

7
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Figure 2. (a) A vortex texture in contour plots of electron (left) and hole (right) bands calculated without (top) and with (bottom) Majorana-like mass term on
momentum scales q/K, = 0.002. (b) A mass correction to the hole (top) and electron (bottom) bands on momentum scales /K4 = 0.02. Contour plots in (b) are
displayed in color gradations.
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We also investigated effects of the Majorana-like mass mass operator M ap (Mp4). Hamiltonian of
our graphene model holds the Majorana-like mass term M 4p(Mp,). Therefore, to reveal violations
of chiral symmetry by Msp(Mpy ), the band structures for the Hamiltonian of the graphene model
are compared with and without the mass term. Direct numerical calculation replacing or with the
constant vr near Dirac point showed that the parameter a entering Equation (3) depends on the

absolute value of the wave vector. Therefore, since tx(‘lz +q ‘) — a(K) = v, Myg(Mpy) is a small

term of order U%C atk # K(K'). It is equal to zero in K(K') because £ 5 = Zp4 = 0 in K(K'). The
Majorana-like mass correction to energy hole and electron bands, presented in Figure 2b, is very
small, of the order 107,107, and is vanishing in K(K’). According to numerical results presented in
Figure 2a, band structures are chiral for both graphene models with and without the mass term. As
Figure 2b demonstrates, the mass term leads to the appearance of the center of inversion, preserving
the Dirac touching in the band structure for the Hamiltonian with M 4p(Mp4 ). Since vorticity is also
observed for the band structure for the Hamiltonian with M 45(Mjp4), at least one of the eigenvalues
of the mass term gives a chiral one-particle state. Since chiral and non-chiral one-particle states are
mixed by the mass term, this is sufficient for the existence of a band dichroism. Since there is the cyclic
group Z4 with generator 7r/2 at high energy, the strong spin—orbital coupling lifts the degeneration
on pseudospin and time-reversal symmetry is broken. Meanwhile, Weyl node and antinode emerge
(Figure 3a). Comparing the band structures calculated with and without M4p(Mp,) in Figure 3,
the mass-term shifts the location of Weyl nodes and antinodes into the region of higher energies. Thus,
we find that band inversion leads to a class of topological, gapless phases.

(a) (b)

£@

a /K,

Lne(@
Lnle(q)|
Lne(@)
Lnle(@)|

Figure 3. Band structure calculated with (a) and without (b) Majorana-like mass term on momentum
scale q/K4 = 0.02 for quasi-relativistic model of graphene with non-zero gauge field.

5. Conclusions

Our finding is a graphene model with valleys and bands in a vortex state. Four vortex defects
form three Majorana fermions confined by the hexagonal symmetry. Deconfinement of the Majorana
modes stems from a spin—orbital coupling. We present a new method to construct a mapping between
spectra of Wilson non-closed loop over the first Brillouin zone and vortex bands. We prove that Z; is
a homotopy group of the momentum space in the Dirac corners with the confined Majorana modes.
The spin-orbital coupling deforms Z1, into Zg of the deconfined Majorana modes and leads to an
emergence of Weyl nodes. We predict that there is a very small nonzero Majorana mass term of the
order of v%c in the graphene model. The Majorana mass term keeping Dirac-points chiral symmetry
tends to frustrate only one of two pairs of left-handed and right-handed vortex modes. However,
mixing the mass term remains the resulting bands in a helical state signifying that this term keeps the
chiral symmetry of the model.

Finally, we discuss the possibility to realize a topological Majorana band structure of the
diamagnetic honeycomb graphene-like system. An experimental observation of such systems with
fine effects that stem from the Majorana nature of quasi-particle excitations demands a new advanced
high-accuracy experimental setup.
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