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A non-Hermitian approach for edge/surface states in
bounded systems
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We suggest and develop a novel approach to determine edge/surface states in bounded systems based on the bulk
Hamiltonian of their corresponding unbounded counterparts, where the k-space is extended to the complex k-one. This
approach allows us to obtain simple conditions for the existence of edge/surface states in bounded systems. Our analysis
also demonstrates that the emergence of such edge/surface states, which are intrinsically linked to the characteristics of
system boundaries, cannot manifest without appropriate boundary conditions dictated by the necessity for wave function
convergence. In order to demonstrate our method in action, we apply it to study some examples of non-topological and
topological edge/surface states. We hope our discussion helps you gain a clearer and more intuitive understanding of the

bulk—boundary correspondence.
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1. Introduction

The study of edge/surface states in condensed matter sys-
tems has been a focus of intense research interest, not only
for their fundamental scientific importance but also due to
their powerful applications in future devices. The investiga-
tion of non-topological edge, surface and interface states in
ferroelectric materials has emerged as a prominent research
focus. This effort seeks to elucidate the conductive properties
of ferroelectric domain walls,!-?! driven by their critical appli-
cations in next-generation electronic devices, exemplified by
non-volatile ferroelectric random access memories.*! How-
ever, the topological phase of matter has garnered significant
attention owing to its exotic properties. Notably, topological
band theory has served as a cornerstone in revealing diverse
classes of topological phases through combining the principles

[4=7] One of the most intriguing

of band theory and topology.
phenomena in topological phases is the bulk—boundary corre-
spondence, which signifies edge states induced by the topol-
ogy of the bulk.[®-191 These topological edge states emerge re-
gardless of other details of systems and are sources of anoma-
lous behaviors. Consequently, they form an exciting play-
ground for technological applications. For example, topolog-
ical insulators have emerged as viable candidates for imple-

11,12

menting quantum computing qubits,!'"1?] while also demon-

strating enhanced lasing efficiency and harmonic generation
capabilities in photonic systems. 3]

Although the study of edge/surface states is crucial for in-
vestigating certain fundamental physical phenomena, we still

encounter challenges in finding analytical solutions. To derive

TCorresponding author. E-mail: hp_wang @fudan.edu.cn

CSTR: 32038.14.CPB.adelcl

analytical expressions for edge/surface states in bounded sys-
tems, several established approaches have been developed to
address this challenge, including partial differential equations

14] Green’s function method, and trans-

in the continuum limit,
fer matrix method. However, these methods often encounter
limitations when applied to complex Hamiltonians. There-
fore, it is common to integrate experimental techniques, such
as angle-resolved photoemission spectroscopy and electrical
transport measurements, with numerical approaches, such as
the exact diagonalization method, to carry out comprehensive
investigations into the behavior of edge/surface states.

In topological systems, the characteristics of edge/surface
states are predominantly understood through topological in-
variants derived from bulk states.!!>~71 It is precisely be-
cause the bulk-boundary correspondence defines the rela-
tion between bulk topological invariants and the number of
edge/surface states. It is worthwhile to rephrase the physics
that the analytical solutions of edge/surface states in a bounded
system can be directly derived from the bulk Hamiltonian of its
corresponding unbounded system. The bulk—boundary corre-
spondence may offer a simpler approach to calculating the an-
alytical solutions of edge/surface states for some bounded sys-
tems, potentially avoiding the complexity involved in directly
solving the eigenvalue equation of the bounded system. There-
fore, in the present paper, we will elucidate such physics and
develop a novel approach to characterize edge/surface states in
bounded systems derived from the bulk Hamiltonian of their
unbounded counterparts. This is achieved by extending the k-
space to the complex k-one, thereby transforming the original
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Hermitian Hamiltonian into its non-Hermitian counterpart.['8]

It is worth noting that we introduce non-Hermitian Hamilto-
nians mainly to calculate edge/surface states and their corre-
sponding eigen-energies. Through this approach, we obtain
simple conditions for the existence of edge/surface states in
bounded systems. Our analysis reveals that the appearance
of these edge/surface states, which are tied to the properties
of system boundaries, is contingent upon the imposition of
suitable boundary conditions that ensure wave function con-
vergence. Subsequently, in order to verify our viewpoint to
be reasonable and acceptable, we will give some examples of
non-topological and topological states.

2. The novel approach for edge/surface states

Now, we propose an independent approach for address-
ing edge/surface states in a bounded system, derived from the
bulk Hamiltonian of its corresponding unbounded system. For
the sake of discussion, we initially assume the existence of a
general Hamiltonian H(k), which is represented in momen-
tum space k and an n X n (n > 1) matrix that depends on the
number of band mixings considered near the Fermi surface.
Then we have

H(k)¥ (k) = E(k)¥(k), ey

here {¥(k),E;(k) : 1 = 1,2,...,n} are the eigenstates and
eigenvalues of Hamiltonian H(k), {k,E;(k)} are real and k
is within the Brillouin zone. In the position space r, ¥ (k)
can be represented as ¥ (1) ~ e'*7, which means the elec-
tron wave extended in the bulk. In the subsequent discussion,
we will explore the approach for deriving edge/surface states
from the aforementioned Hamiltonian H (k). If we consider
the boundary embedded within a certain direction of the un-
bounded system, the momentum k can be decomposed into
two components: k, (parallel to the boundary) and &, (per-
pendicular to the boundary). Consequently, equation (1) can

be reformulated as
H(kka)lPl(kmkl) :E(kka)lPI(kka)- (2)

By extending the real k| -space to the complex k| -one, the
Hamiltonian H(k,,k ) becomes non-Hermitian!'®! and we
can examine the behavior of edge/surface states in this partic-
ular boundary direction. For some real energy E = E(k,, k),
we solve Eq. (2) and can have acceptable solutions k; =
k. + ik; where (k,, k;) are real and k; # 0, then edge/surface
states may accommodate in such a bounded system because
the presence of k| = k, + ik; is one of the necessary condi-
tions for the appearance of edge/surface states. It is notewor-
thy that {e'*+ " e~k "} invariably coexist.['°! Due to the
ik,

convergence of the wave function, when all terms |e'*L™"| are

less than 1, the edge/surface states localize at the left bound-
ary; conversely, when all terms |e ~1*."| exceed 1, they local-
ize at the right boundary.

The second essential constraint is that all k; values de-
rived from identical boundary conditions must share the same
sign, in addition to their magnitudes, for a given k,. To en-
hance comprehension of the second constraint, we provide a
detailed explanation through a one-dimensional (1D) example

22231 For a

by means of the transfer matrix method (TMM).!
monoatomic one-dimensional chain with the perfect surface
under the nearest neighbor hopping approximation, the quan-
tum dynamical equations can be rigorously derived in the fol-

lowing form:

3

Evy = t(Wu1 + Wui1),
Eyy=ty,, n>1,

where the boundary is set at the 1st layer and {y, : n < 0}.
With the help of TMM, we can have

n
<V’n+1)(]<1—‘1ﬁ;>w17 )

Va LY
where U~! and U can be found,?' I} = U'a + UL, I =
Uy'la+Uy', B =(a+Va2—4)/2,a=E/t,and B_-B; =
1. When |a| < 2, we have |B_| = |B| = 1 which corresponds
to the extended bulk states. Here we only focus on o > 2 since
the demonstration is similar for @ < —2. When o > 2, B > 1

and 0 < B_ < 1. If there exist edge states, we must impose the
conditions due to the wave function convergence

{H:U“‘a+U1217éo, )

L =Uy'a+Uy' =0.

After some detailed calculations, we can find when Ui] o+
Uy,' =0, then the relation U;;' a +Up,' is also zero. As a re-
sult, no surface states can emerge in such cut materials. Thus,
we focus on edge/surface states that they decay exponentially
from the same boundary conditions.

In the field of topological states of matter, it is widely
acknowledged that their existence remains robust against spe-
cific details, with the exception of band topology. However,
recent theoretical studies have highlighted the crucial role of
boundaries in topological crystalline insulators.>*] Moreover,
the edges of two-dimensional (2D) materials exhibit signifi-
cant functionalities and distinct properties due to the presence
of dangling chemical bonds and the loss of symmetry. Recent
studies have demonstrated that the electronic and magnetic
properties of honeycomb crystalline graphene and transition
metal dichalcogenides are strongly influenced by the atomic
configurations at their edges.>>) However, in practical mate-
rials, their size is always finite. Therefore, if the behavior of
edge/surface states exhibits the fundamental correlation with
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the boundaries, the third requirement is that both the left and
right boundary conditions must be fulfilled. The third require-
ment is similar to Egs. (5) and (6) in the previous study.?!! It
is worth noting that, based on the calculation results of non-
Hermitian Hamiltonians, it is found that for the edge/surface
state expression in the bounded system, their exponential de-
cay coefficients are not always unique; there may be multi-
ple values. The parameter A in Egs. (5) and (6) of the previ-

21]

ous study!?!! should be taken as the maximum value of these

exponential decay coefficients. In the subsequent sections,
we utilize our methodology to examine various instances of
edge/surface states, encompassing both non-topological and

topological systems.

3. Example I: Single-layer graphene with the
nearest neighbor hopping

At the level of the nearest neighbor hopping approxima-
tion and in the basis of (cia,ckg), its Hamiltonian reads (see

Fig. 1(a))
0 m
H= (m* 0 > ; (6)

where m = (eike/V3 4 ZCos(kya/Z)e’ikX“/z‘/g) and ¢ is the
nearest neighbor hopping amplitude. By diagonalizing H, we
can reach the bulk energy spectrum E4 (k) = =+ |m|. Based on
the approach we have proposed, we will systematically inves-
tigate the behavior of edge states under various boundary con-
ditions. Firstly, we take into account zero-energy edge states
in the zigzag edged graphene where ky is a good quantum
number, the condition E4 (k) = 0 has the acceptable solutions
eV3ika/2 — —2cos(kya/2) and e~ V3ika/2 — —2cos(kya/2)
where m = 0 and m* = 0 are used respectively. According
to the convergence of the wave function, if edge states localize
at the left (right) boundary, we must restrict the exponential
decay coefficient |eﬁik)‘“/2| <1 (\e_‘/gik"“/2| < 1), that is,
IZCos(kya / 2)’ < 1. Since the behavior of edge states is funda-
mentally dependent on the boundary conditions, we must con-
fine kya € (2m/3, ) and (—x, —27/3) in terms of the third re-
quirement, which shows a good agreement with the result.[>]
To verify the correctness of the proposed approach, we com-
pare the analytical results with the numerical results obtained
through the exact diagonalization method and find that they are
completely consistent, as shown in Fig. 1(b). Secondly, we fo-
cus on zero-energy edge states in the armchair edged graphene
where k, is a good quantum number. When E (k) = 0, we ob-

tain the legitimate solutions

eikea2 g — {- e V3ikea/2 | m}/z
o ikia/2 _ Y= { _ e V3ikwa/2 4 \/m}/z

as shown in Figs. 1(c) and 1(d), where m =0 and m* =0
Figures 1(c) and 1(d) show
that one of |By| (]y|) is always greater than 1 for dif-

are employed respectively.
ferent k,. There are no zero-energy edge states due to
the wave function convergence, which is in accord with
the analysis.[?®! With the help of the exact diagonalization
method, the behavior of zero-energy edge states in the arm-
chair edged graphene is found to be consistent with our
demonstration, as shown in Fig. 1(e). Finally, we discuss the
non-zero-energy edge states in the zigzag edged graphene.
When E.(k) # 0, we obtain e=V3ika — §, —{_p(k,) +
/b2 (ky) — 16cos2(kya/2) Y{4cos(kya/2)}  with b(ky,) =
1 +4cos?(kya/2) — E*/t* and cos(kya/2) # 0. To make our
demonstration simple and understandable, we depict the be-

havior of edge states when E = 2.5¢ as shown in Fig. 1(f).
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Fig. 1. (a) The schematic illustration of the lattice structure of graphene with
the parameter a = 1. (b) The energy spectrum of edge states in the zigzag-
edged graphene got by the exact diagonalization method (blue dash-line) and
our proposed approach (red dash-line). In our proposed approach (red dash-
line), the existence of edge states results from the exponential decay coeffi-
cient |ei‘/§”"*"/ 2| < 1 and the fulfillment of the third requirement. Panel (c)
shows one of |B4]| is always greater than 1 for different ky. There are no
zero-energy edge states due to the wave function convergence in the armchair
edged graphene. Panel (d) presents that one of |y.| is always greater than 1
for different k,, and zero-energy edge states are not allowed due to the wave
function convergence in the armchair edged graphene. (e) The dispersion re-
lation of edge states in the armchair edged graphene reached in terms of the
exact diagonalization method (blue dash-line) and our proposed approach (red
dash-line). Edge states do not exist in our proposed approach, since one of the
absolute values of all decay coefficients derived from the same boundary is
always greater than 1. Panel (f) shows |0_| for some regions of k, is less
than 1, thus there might be non-zero-energy edge states localized at the right
boundary with the energy E = 2.5¢.

127304-3



Chin. Phys. B 34, 127304 (2025)

From Fig. 1(f), we observe that |0_ | for certain regions of k, is
less than 1, this suggests the potential existence of non-zero-
energy edge states localized at the right boundary./?3! Never-
theless, given that the behavior of edge states is intrinsically
tied to the boundary conditions, non-zero-energy edge states
are absent in the zigzag-edged graphene according to the third
requirement, which is consistent with the study. To check the
correctness of our proposed approach, we further investigate
the behavior of zero-energy edge states in the armchair edged
graphene with the next nearest neighbor hopping interactions,
demonstrating that our analytical calculations are in excellent
agreement with the results.!?’! The specific calculation details
are shown in Appendix A.

4. Example II: An AIII class topological insula-
tor and a BDI class topological superconduc-
tor

In a 1D system, a Hamiltonian belonging to the AIII class
that supports topologically nontrivial fermionic edge states can
be expressed in the basis of (¢, cx)) as follows: 28]

Hami(k) = (I — 2tscos k) o, + 2ty sinkoy, @)

where ¢+ (cx)) is the annihilation operator of the fermion with
spin up (down), s represents the spin-conserved hopping am-
plitude, I is the Zeeman term, z,, denotes the spin flip hopping
and o; is Pauli matrix. Without loss of generality, we postu-
late that the parameters {f, 5o, I;} take positive real values
throughout this analysis. As is well established, the Hamilto-
nian Hayp (k) possesses a nontrivial bulk topological invariant
N =1 and characterizes a nontrivial topological insulator in
the regime where I; < 2f;,. Subsequently, we demonstrate the
methodology for obtaining nontrivial zero-energy edge states
at the I" point using our proposed approach. In the vicinity of
the I" point, equation (7) reduces to

Ham (k) = [IZ — 2t +15K°] 0, + 2150k ®)

By diagonalizing Hayy(k) in the vicinity of the I' point, the
exact quasiparticle excitation spectrum is obtained

E.—+ \/ (I — 21, + k) 4+ 412 k2. )

From Eq. (9), it is evident that the condition E+ = 0 yields
k =0 and I; —2t; = 0, which is the phase boundary and in-
dicates the closing of the gap of the system. When I} < 21,
the nontrivial topological phase permits the emergence of lo-
calized edge states. For a finite-sized system with hard-wall
boundaries implemented at x = 0 and x = L , the condition
E+ =0 produces —iks = 8+ = (tso = /12 +1s (I — 2t5)) /ts,
derived through the relation I, — 2¢; + fk* = 2itsok and iky =
81 = (tso £ /12 + 15 (I; — 215)) /ts, using the relation I} — 2, +

tk* = —2its k besides the real momentum k = 0. To determine
the edge state localized at the left boundary x = 0, it is neces-
sary to solve the corresponding matrix equation

—2itsok B

After some calculations, we can find that yi, = [1,1],
where we have used the relation I} — 27, + t,k> = 2it,k. Con-
sequently, the edge state localized at the left boundary x =0 is

I — 2t +tk?
2itsok

explicitly expressed as ¥ = [1,1] (e ~%* — e ~%-*) where 8.
are derived from the bulk dispersion relations. Analogously,
the edge state localized on the right boundary x = L is given
as Yk = [—1,1] (e% L) — e3-(—L)) with the spatial decay
parameters 6+ maintaining consistency with the left boundary
solutions. Analysis of the analytical expressions for 8. reveals
that the critical condition I} — 2¢, = 0 induces 6_ = 0, leading
to complete hybridization of ¥, and ¥k with bulk states while
simultaneously driving the system into a gapless phase. From
the discussion above, we may have a clear understanding of
the creation and annihilation of edge states when we alter the
parameters £, 5o, and I. Building upon the preceding theo-
retical framework, our analysis focuses on the Hamiltonian in
the vicinity of the I" point. The generalized Hamiltonian de-
scribed in Eq. (7) exhibits a quasiparticle excitation spectrum
characterized by £ = :t\/ (I7 — 2tscos /’c)2 + 42 sin’ k. When
E+ =0, we have

ekt =B, = (I £/ I2 — 412 +412) / (28 + 2150,
e ik =B, = (LA I? — 412+ 412) [ (28 + 2150 ),

where I, — 2t cosk = 2its, sink and I; — 2t,cosk = —2its, Sink
are employed respectively, except the real numbers k = 0 and

+7. By employing the methodology utilized in the vicinity of
the I'" point, we can analogously obtain edge states localized
at both the left and right boundaries as y{ = [1,1][(B}+)" —
(B-)"] and yp = [—1,1][(B)“™ = (B-)"“"Y)], where I2 -
2tscosk = 2itysink and I, — 2¢t;cosk = —2itysink are also
adopted respectively. Furthermore, our findings demonstrate
consistency with the previous study.?®! To elucidate the be-
havior of edge states across two distinct topological regimes,

6 T 1 : -
(@) __ e, t4=0.5 af(b) - |Byl, t=0.5
5 L ed], ti=05 - Bl B 05
4 e+, ty=1.0 3 Bal, t=1.0 -
Y 5 - B, ts=1,0°
= le], ts=1.0- |l b 1
R I
. - 1 ///
P T s e
0 1 2 3 4
r

Fig. 2. Panels (a) and (b) show that ’e"si and |B| are less than 1 respec-
tively when I} < 2t;. There are topological edge states when I; < 2f;. The

parameters are {ts, = 0.8ts,2, = 0.5} and {tyo0 = 0.44,,1, = 1.0}.
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figures 2(a) and 2(b) present the variations of | e %= | and | B4 |
as functions of I and ;. As shown in Fig. 2, it is evident that
there are edge states when I; < 2t;, whereas no edge states
exist when I > 2¢,.

It has been noted that when the AIII class topological in-
sulator is coupled to an s-wave superconductor by the proxim-
ity effect, it can become a BDI class topological superconduc-

tor. On the Nambu basis (cxt, ¢k i,cfkT,cfk 1), its Hamiltonian
1 [29]
is

Hppi(k) = (I7 —2t5cosk) 0. T;

+ 2t Sinko, T, + ACy Ty, (11)

where o; and 7; are Pauli matrices in the spin and particle-hole
space respectively and A is the s-wave pairing gap. It is well
established that the topological-invariant Ngp; assumes dis-
tinct values under specific parameter regimes: Ngp; = 2 when
2ts—I7 > A; Ngp; = | when |I; — 2¢5| < A; and Ngp; = 0 when
I — 2t; < A.?°Nn the vicinity of the I” point, the Hamiltonian

Hgpi (k) can be expressed in the following form:

HBDI(k — 0) = (E — 21 +l‘sk2) 0,7,

+2t50k0y T, + AOyT,. (12)
Through diagonalization of the aforementioned Hamiltonian

Hgppi(k — 0), the accurate quasiparticle excitation spectrum
can be derived

E(k) :i\/(tsk2+E—ZtSj:A)2+4t520k2. (13)

— 2t £
A = 0, which signify the conditions for gap closure and

In addition to the scenarios where £k = 0 and I

the boundaries of quantum phase transitions, there exist ad-
ditional solutions under the zero-energy condition (E(k) =
0). These solutions are given by —ikjx = Y+ = (0 £
V2 +t(G =2t + (= 1)!A)) /ty and iky = Yo = (to £
V12 +1(F — 2t + (—1)!A)) /ty where {I = 1,2} and we have
utilized I; — 2t, £ A = 2ity, and I; — 2t, £ A = —2it,, respec-
tively. To investigate edge states in the topological invariant

regime characterized by Npp; = 2, we analyze the following
equation:

HBDI(k — 0)1[/ =0. (14)

After some detailed demonstrations, we can arrive at Y| =
[1,1,1,1], w» = i[1,1,—1,—1], w3 = i[l,—1,—1,1], and
ys = [1,—1,1,—1] where we have taken advantage of

— 25— A =2ityo, I; — 2t + A = 2itso, [; —2t; — A = —2ity,
and I — 2t + A = —2it,, respectively. Consequently, the
edge states localized at the left boundary x = 0 can be
expressed as: ¥ = [1,1,1,1](e™"+¥ — e™"-¥) and ¥ =
i[l,1,—1,—1](e~"+* — ¢~ %-¥) with analogous expressions
for the right boundary x = L: ¥ = i[1,—1,—1,1](e"+®1) —

e-0-L)y and W = [1,—1,1,—1](e?+&L) —

These results exhibit remarkable consistency with estab-
[29]

er- (L)),
lished theoretical frameworks. Our analysis proceeds to
the Hamiltonian given in Eq. (11), which enables derivation of
the quasiparticle dispersion relation through diagonalization
Ey = :I:\/(FZ —2t;cosk+ (—1)!A)* + 412 sin®k where {I =

1,2}. When E; =0, we have e'fi= =1,y ={(I; + (-1)'A) +

\/(Q+(—1)1A)2—4t2+4t520}/(2ts —|—2tso) and etk =

me ={(L+(-1)!A) £ \/ L+ ( — 42 412 M2t +
2t50) Where {I = 1 2} and we have used I} —2t;cosk FA =
2itsosink and

I; — 2tycosk F A = —2it,,sink respectively,
aside from k = 0 and 7. By employing the method uti-
lized in the vicinity of the I point, the edge states local-
ized at the left boundary x = 0 can be expressed as: ¥ =
[17 1,1, 1][(Th+)x - (nlf)x] and lPZ/ = 1[17 1,1, _1][(n2+)x -
(n2-)"] and with corresponding states at the right bound-
ary x=L: ¥ =i[l,—1,—1, [m)E = (n2)E) and
W =[1,—1,1,—1][(n2) =™ — () E]. Systematic vari-
ation of parameters {t,I;,A} enables the tracking of edge
state creation and annihilation mechanisms across three dis-
tinct regimes, through quantitative analysis of the analytical
norms |e¥+| and |1m;+| shown in Figs. 3(a)-3(d).

el it =0.5 @ 4 7| —-lend =05 (b) -
af — len-|, it =0.5 6 ~ilem|,it;=05
le s ], ity =1.0 5f 7 lelite=1.0
B[ = lem-lite=1.0 4| TlleTelit =10
2 g
1 -
S — 1 =
0 R T ek 0 [ M- llIZzzsocsooooo-ood
-2 -1 0 1 2 -2 -1 0 1 2
r—2 r—2
4 4 -
- Imeli =05 (c) =mlmasl, 85=0.5 0 gy
3 Im-|,its=0.5 - “lme-| t=0.5
[m+l.jts=1.00 3 [712+], ts= 1.0
Im_l,its=1.0.- =na-l, t4=1.0
2 .~ 2 .~
// ,/
1 1
S S - i
0 it e I Y ) By et e S S
-2 -1 0 1 2 -2 -1 o0 1 2
r—2 -2

Fig. 3. When 2, — I, > A, Panels (a)-(d) show the presence of topological
edge states, as the absolute values of all decay coefficients are less than 1.
However, when |I; —2t| < A, only panels (a) and (c) present the existence
of edge states, as the absolute values of all decay coefficients are below 1.
In other cases, panels (a)—(d) illustrate the absence of edge states, given that
the absolute values of all decay coefficients exceed 1. The parameters are
{tso = 0.8t5, A =15, 1, = 0.5} and {tso = 0.415, A = 0.5¢, 1, = 1.0}.

5. Example III: A similar spinless p, =ip, su-
perconductor

We consider a theoretical model that hosts localized
Majorana fermion states on the surface of a topological
insulator.*" In the Nambu notation (I/IT, v, 1//3, fl;/i), its
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Hamiltonian is given
H=—-iv5,0.V —ut,+Ao(t.cosd + 1,sing),  (15)

where 7; and o; are Pauli matrices and u is the chemical po-
tential. In this analysis, we restrict consideration to the pa-
rameter regime with ¢ = 0 due to its maximal computational
tractability. When A = Age'? is spatially homogeneous, di-
agonalization of the Hamiltonian H yields the excitation spec-
trum E (k) = &4/ 022+ A2. It is worth mentioning that the
momentum-dependent pairing amplitude (k) serves as the es-
sential control parameter for inducing topological phase tran-
sitions. Furthermore, the Hamiltonian is systematically ana-
lyzed in polar momentum space to exploit rotational symme-
try. Constructing solutions to the eigenvalue equation Hy =0
within the momentum-space framework, where the pairing
field adopts the vortex-phase ansatz A = Ay (k) e =19, we derive
topologically protected zero-energy states localized at the vor-
tex core through our proposed approach. When A = Age 19,
we have y_ = [1,0,0,—i] e /6 dr'4(")/v and analogously
vy =[0,i,1,0]e 0 97"%()/ for A = Agei® where we have
also employed the relation vk = iAg and vk = —iA( respec-
tively, compatible with established theoretical predictions. 3!
Furthermore, to validate the accuracy of the proposed method,
we have also computed the edge states in the quantum anoma-
lous Hall effect within 2D transition metal oxides. Our find-
ings are in agreement with prior research outcomes.*!! Since
the calculation process and results are similar to those of the
spinless superconductor, we will not elaborate on the spe-
cific details here. From the examples of topological and non-
topological edge/surface states discussed above, if the Hamil-
tonian of the studied system exhibits a relatively simple form
or its band structure possesses specific symmetry properties
(e.g., symmetry about E = 0), the approach we have proposed
demonstrates significant practical applicability.

6. Conclusion and perspectives

In summary, we have developed a method for determining
the edge/surface states of bounded systems by analyzing the
bulk Hamiltonian of their corresponding unbounded systems.
This approach involves extending the real k-space to the com-
plex k-one, thereby rendering the Hamiltonian non-Hermitian.
Our method successfully reveals the fundamental characteris-
tics of the bulk—boundary correspondence: edge/surface states
exhibiting exponential decay in the bounded systems are in-
herently embedded within their corresponding unbounded sys-
tems. If the behavior of edge/ surface states exhibits the fun-
damental correlation with the boundaries, these states cannot
manifest without appropriate boundary conditions stemming
from wave function convergence requirements. The analyti-
cal findings establish an intrinsic relationship between the lo-

calized edge/surface states in bounded systems and their cor-
responding bulk Hamiltonians. However, this interconnection
requires more rigorous investigation to elucidate its fundamen-
tal mechanisms.

Appendix A

At the level of the next nearest neighbor hopping approxi-
mation and within the basis of (cxa, cxg), its Hamiltonian reads
(see Fig. 1(a) in the text)

_ ( n* m>,
m* n
where

m = t(exp(ikca/V/3) +2cos (kya/2) exp(—ikca/2V/3)),
n = s(4cos (kya/2)cos (V/3kea/2) + 2cos (kya)),

(AD)

t and s denote the nearest neighbor hopping parameter and the
next nearest neighbor hopping parameter, respectively. By
diagonalizing H, we can obtain the bulk energy spectrum
E. (k) =n=|m|. We focus on zero-energy edge states in the
armchair edged graphene where k, is a good quantum num-
ber. When Ey(k) = 0, we obtain the legitimate solutions

ethk:a/2 — 74 /221 and e #+9/2 = 7+ /22— 1 where
n = |m| and n = — |m| are employed respectively and

() 2 +/14 125212
T=Yi, X =y
J 2s
—2cos ( \@kxa) i$ 4cos?( Vika )+2(2+x;)
y+ = 2 3
i=+ (). J=+ ().

By conducting a comparative analysis of the calculation results
obtained under the nearest neighbor and next nearest neigh-
bor approximations, we observe that {e*+4/2 ¢~ikta/2} ex.
hibit a high degree of similarity in their mathematical expres-
sion forms. On this basis, we can reach a consistent conclu-
sion: zero-energy edge states are absent in the armchair edged
graphene.
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