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We unravel a fundamental connection between a supersymmetry and a wide class of two dimen-
sional (2D) second-order topological insulators (SOTI). This particular supersymmetry is induced
by applying a half-integer Aharonov-Bohm flux f = ®/®, = 1/2 through a hole in the system. Here,
three symmetries are essential to establish this fundamental link: chiral symmetry, inversion symme-
try, and mirror symmetry. At such a flux of half-integer value the mirror symmetry anticommutes
with the inversion symmetry leading to a nontrivial n = 1-SUSY representation for the absolute
value of the Hamiltonian in each chiral sector, separately. This implies that a unique zero-energy
state and an exact 2-fold degeneracy of all eigenstates with non-zero energy is found even at finite
system size. For arbitrary smooth surfaces the link between 2D-SOTI and SUSY can be described
within a universal low-energy theory in terms of an effective surface Hamiltonian which encom-
passes the whole class of supersymmetric periodic Witten models. Applying this general link to
the prototypical example of a Bernevig-Hughes-Zhang(BHZ)-model with an in-plane Zeeman field,
we analyse the entire phase diagram and identify a gapless Weyl phase separating the topological
from the non-topological gapped phase. Surprisingly, we find that topological states localized at the
outer surface remain in the Weyl phase, whereas topological hole states move to the outer surface
and change their spatial symmetry upon approaching the Weyl phase. Therefore, the topological
hole states can be tuned in a versatile manner opening up a route towards magnetic-field-induced
topological engineering in multi-hole systems. Finally, we demonstrate the stability of localized
states against deviation from half-integer flux, flux penetration into the sample, surface distortions,

and random impurities for impurity strengths up to the order of the surface gap.

I. INTRODUCTION

Supersymmetry (SUSY) in nonrelativistic quantum
mechanics [1-3] is a special type of symmetry allow-
ing one to classify system’s eigenstates into the so-called
”bosonic” and ”fermionic” subspaces as well as to estab-
lish mappings between these subspaces by the so called
SUSY transformations. SUSY deepens our understand-
ing of the level structure and the states, and in certain
cases the SUSY algebra generators facilitate an exact
solution of the eigenvalue problem by purely algebraic
means. One of the central models in nonrelativistic quan-
tum mechanics exhibiting SUSY is the Witten’s model
[4], which serves as a prototypical example for the ex-
plicit demonstration of the SUSY properties and their
application. The SUSY structure of the Dirac equation
[5] also paves the way for the application of SUSY in
solid state systems, particularly in their low-energy de-
scription and draws an important bridge between this
field and the field of high-energy physics where SUSY re-
mains a central topic to this date. Thus, the occurrence
of SUSY in the description of heterojunctions with band-
inverting contact has been highlighted in Ref. [6] and the
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SUSY algebra has been applied for the description of the
quantum Hall effect in graphene [7]. A SUSY formula-
tion of the two-dimensional electron gas with Rashba and
Dresselhaus spin-orbit coupling is also feasible [8]. The
emergence of the (space-time) SUSY (which is a gener-
alization of the quantum mechanical SUSY) in topologi-
cal insulators and superconductors has been unveiled in
Refs. [9, 10]. Most recently, it has been proposed [11] to
exploit the SUSY transformations for topological state
engineering.

The focus of the present work is to establish an impor-
tant link between SUSY and the field of 2"-order topo-
logical insulators (SOTI), a field of tremendous recent in-
terest in condensed matter physics [12-19]. In particular,
we establish that a wide subclass of 2D-SOTTI are close
to a supersymmetric point stabilizing zero-dimensional
bound states. We find that SUSY is an exact symmetry
if one applies a half-integer Aharonov-Bohm flux through
a hole in the 2D system. The corresponding effective 1D-
surface Hamiltonian describing the 2°-order topological
phase transition in a low energy description turns out
to be a realization of the whole class of supersymmetric
Witten models playing a central role in the discussion of
SUSY models [1-3], see also Refs. [20, 21] for the dis-
cussion of periodic Witten models relevant for this work,
together with the special case of the double-sine poten-
tial in Refs. [22-24]. The important subclass of 2D-SOTI



with SUSY properties consists of those models where the
topological zero-energy states emerge as interface bound
states at those positions of the surface where the mass
term of the effective surface Hamiltonian changes its sign
[15]. Such models have been classified within the general
classification scheme of higher-order TIs [16] in terms of
specific Shiozaki-Sato symmetry classes [25]. A prototyp-
ical example is the combination of a standard Bernevig-
Hughes-Zhang (BHZ) model [26] with an in-plane Zee-
man field inducing a mass gap between the counterprop-
agating helical edge modes, see, e.g., Refs. [27] and [28].
For pedagogical reasons this model will be the backbone
of this work, although our conclusions hold for an ex-
tended subclass of such 2D-SOTI. We note that Zeeman
fields play a very important role in controlling higher-
order topological states and, besides the combination
with the BHZ-model, have also been used in supercon-
ducting systems to realize and control Majorana states
[29-35]. Similiarly, it will also turn out in this work that
the Zeeman term is a very flexible tool to control the
shape of the topological states, implying versatile pos-
sibilities of topological engineering with magnetic-field-
only control.

The fact that inversion and/or mirror symmetries can
stabilize higher-order topological states in 2D systems
has been emphasized in previous works [15, 16, 27, 28].
However, what we add here is the insight that the si-
multaneous presence of both inversion and mirror sym-
metry commuting with each other can be tuned at half-
integer Aharonov-Bohm flux to two anti-commuting uni-
tary symmetries by multiplying the mirror symmetry
with an exponential factor e~*?, where ¢ denotes the
polar angle with respect to the mirror symmetry axis.
This exponential factor respects periodic boundary con-
ditions, removes the half-integer flux, and enforces the
anti-commutation of inversion and mirror symmetry. As
a result, one can prove that there is an exact 2-fold de-
generacy of all eigenstates of the model, quite analog to
a Kramer’s degeneracy but here realized via two anti-
commuting unitary symmetries with one of them being
an involution. If; in addition, the model fulfils chiral
symmetry, this 2-fold degeneracy leads to a protection
of a pair of zero-energy topological states. Importantly,
even in the absence of chiral symmetry, it turns out
that the mirror symmetry is the involution of an exact
n = 1 SUSY representation [36] with the hermitian su-
percharge operator given by the product of the Hamilto-
nian and the inversion symmetry. These properties show
that a wide subclass of 2D-SOTI has a supersymmet-
ric spectrum and, if zero-energy states are present, those
are topologically protected by SUSY. We note that this
protection is exact at half-integer flux even for a finite
system with an exact degeneracy of the two zero-energy
states, irrespective of whether they have a significant or-
bital overlap or not. When tuning the flux away from
half-filling an approximate protection up to exponentially
small splittings is found if the two topological states have
an exponentially small orbital overlap (which is realized

for a sufficiently large system). At the SUSY point, the
topological index playing the role of the topological in-
variant is the Witten index distinguishing broken from
unbroken SUSY in the absence/presence of zero-energy
states, see e.g. Refs. [37-39).

The main results of our work are summarized in
Figs. 1(a,b) and Fig. 2. In Fig. 1(a) we show a proto-
typical example of a circular hole in an infinite system,
where the SUSY structure of the spectrum applies to
all states and is exact. In the topological phase, where
the band inversion parameter is larger than the Zeeman
energy, one finds topological states localized at the posi-
tions of the hole’s surface where the normal component
of the Zeeman field with respect to the surface of the hole
changes sign (a generic rule for any shape of the surface).
The spectrum of the absolute value of the Hamiltonian
applying an additional half-integer flux through the hole
is sketched in Fig. 1(b), which demonstrates the close re-
lationship of the typical spectrum of a 2"d-order TT with
the spectrum of an unbroken SUSY in each chiral sec-
tor. The later manifests itself by an exact 2-fold degen-
eracy of SUSY partners (labelled by the SUSY eigenvalue
u = +1) at all positive eigenvalues, and a unique zero-
energy topological state with fixed SUSY value u = s
in each chiral sector s = 1. As typical for 2"d-order
T1Is with a smooth surface, the spectrum reveals a set of
localized bound states below the surface gap set by the
Zeeman energy. Besides the two zero-energy topological
states, their energy is characterized by a new emerging
energy scale, the Witten frequency €y which scales in-
versely proportional to the tangential localization length
&:. Importantly, it turns out that &; scales with the square
root of the hole radius, leading to well-localized bound
states in tangential direction for sufficiently large hole
radius. In between the surface and bulk gap, we find
a set of helical edge states which are extended over the
whole surface. Since the circumference of the surface is
much larger than & for a large hole radius, their finite-
size spacing is much smaller than the Witten frequency.

Fig. 2 shows the effective surface potentials in each
chiral sector for the case of a circular hole from which all
boundary states can be analysed analytically. It results
from squaring the effective surface Hamiltonian H;iface
which can be written in the generic form of a periodic
2-band Dirac model (here, i = 1, and the Pauli matrices
o; result from a convenient spinor transformation to be
specified later)

H:Erface = Oé(fm(*iast) + UQEZ,"(St) ’ (1)

where « is the spin-orbit interaction, s; the line element
along the surface, and Ez,(s¢) the normal component
of the Zeeman field along the surface. From this Hamil-
tonian one can calculate the non-trivial tangential part
of the wave function along the surface, whereas the nor-
mal part is described by an exponentially decaying wave
function with a normal localization length of the order of
the spin-orbit length. The effective surface Hamiltonian
brings the relationship of 2"d-order topology and SUSY
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FIG. 1. (a) Sketch of a circular hole with radius R in an infinite system. The hole is threaded by a magnetic flux ® and the
system is subject to a homogeneous in-plane Zeeman field B. In the topological phase where the band inversion parameter 0
is larger than the Zeeman energy Ez, one finds two topological states (indicated by the green regions) localized at the hole’s
surface where the normal component with respect to the circle’s surface of the Zeeman field changes sign. At half-integer flux
f=®/®¢ = 1/2, the topological states are exactly at zero energy due to chiral symmetry and SUSY. The eigenvalues of chiral
symmetry and SUSY are labelled by s = +1 and u = %1, respectively. (b) Sketch of the spectrum of the absolute value of
the eigenenergies |E| in the topological phase at half-integer flux. The spectrum decomposes into two chiral sectors s = £1,
each of them revealing an unbroken SUSY spectrum with one single zero-energy state and a set of 2-fold degenerate states at
positive energies labelled by the SUSY u = +1. Below the surface gap Asurface = Fz, a set of discrete localized bound states
appears due to a 2"-order topological mechanism, with a typical energy scale set by the Witten frequency Qw = 1/(m* Aso&s),
where m™ is the effective mass, \so the spin-orbit length, and & = lg+/R/\so the tangential localization length of the bound
states. Here, [p is the magnetic length characterizing the Zeeman energy Ez = 1/(2m*l23). Between the surface gap Asurface
and the bulk gap Apukx = 6 — Ez, pairs of degenerate edge states appear in each chiral sector which are extended along the
hole’s surface and localized in radial direction with normal localization length &, ~ Aso. Due to finite size quantization in
angular direction, their spacing is given by the order ~ 1/(m*AsoR) which is much smaller than the Witten frequency Qw if
the magnetic length fulfils the condition Ip < v/ RAso such that the topological states are well localized £ < R. Beyond the
bulk gap a continuum of states appears which is 2-fold degenerate in each chiral sector such that the SUSY structure of the
spectrum applies exactly to all states.

to a universal low-energy form. On the one hand side, it
contains the two important basic ingredients to generate
2°d_order topology: the spin-orbit interaction o gener-
ating two counter-progagating helical edge modes along
the surface (with helicity o, = £1) as familiar from the
BHZ model [26], and the normal component of the Zee-
man term acting as a mass term generating a surface
gap in which topological states are trapped at the posi-
tions where the mass term changes sign [15, 28]. On the
other side, by squaring the effective surface Hamiltonian,
one can demonstrate the SUSY structure of the spectrum
shown in Fig. 1(b) for all boundary states below the bulk
gap. In the two chiral sectors s = —o, = 41 one obtains
two periodic Witten models describing a particle in an
effective surface potential

Hi = (Hself;frface)Qlth::F = _O[Qa.gt + VVIi/(st)’ (2)
Vmi,(st) = FEz.(50)* F a0, Ez.n(st) - (3)
Here, Vvﬂf,(st) are the two partner Witten potentials

shown in Fig. 2, which are given by a double-sine po-
tential for the special case of a circular hole but can be

tuned to any generic form depending on the choice for the
shape of the surface. Most importantly, for any mirror-
symmetric surface around the two axis parallel and per-
pendicular to the Zeeman field, the Witten model has
supersymmetric properties in each chiral sector, consis-
tent with the spectrum of the boundary states shown in
Fig. 1(b) and Fig. 2. Obviously, all bound states below
the surface gap can be described by states localized in
the potential minima of the Witten potentials, with har-
monic oscillator form in a semiclassical approximation.

We note that the topological protection of zero-energy
states does mneither require inversion nor mirror sym-
metry, consistent with Ref. [15]. The effective surface
Hamiltonian (1) has always two zero-energy solutions ir-
respective of the symmetry of the surface. However, re-
garding the exact 2-fold degeneracy of all states induced
by SUSY, both inversion and mirror symmetry are essen-
tial.

The fundamental connection between SUSY and
higher-order topological phenomena is the center result of
this work. Additionally, we apply and relate this insight
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FIG. 2. The two effective surface Witten potentials for a

circular hole with radius R = 1000\, in the two chiral sectors
(a) s=1and (b) s = —1 as function of the line element s; =
Ry along the surface (0 < ¢ < 27 denotes the polar angle and
L = 27R is the circumference of the surface). The Zeeman
energy is chosen as Ez = Fs /25, where Es, is the spin-
orbit energy. For both chiral sectors localized states (shown
in orange) are trapped in the two potential minima which
appear to be exactly 2-fold degenerate due to SUSY except
for one single topological bound state with zero eigenvalue
(highlighted by the red circle) which is localized around ¢ = 0
for s = 1 and ¢ = 7w for s = —1. The potential maximum
is given by the square of the surface gap AZ ;. .. = F% +
(1/(2m*R*))? ~ E%, and the two potential minima appear
at £0% /2 with the Witten frequency defined in Fig. 1(b).
As a consequence, the lowest state has zero eigenvalue and all
the excited states are 2-fold degenerate with eigenvalue n Q%,,
n = 1,2,... (in a semiclassical picture), consistent with the
sketch of the spectrum shown in Fig. 1(b).

to aspects including the analysis of the phase diagram of
the prototypical Bernevig-Hughes-Zhang (BHZ) model,
the possibilities for topological engineering and the sta-
bility of topological states against various perturbations.
First, for a finite system in the form of a Corbino disc
(see Fig. 3), we discuss the topological phase diagram
both analytically and numerically. It turns out that the
normal component of the Zeeman term controls the local-
ization of the bound states along the surface, whereas the
tangential component determines the normal localization
length and drives the phase transition. Of particular in-
terest is the gapless Weyl phase separating the topolog-
ical from the non-topological gapped phase. At strong
Zeeman field the two topological states at the outer sur-
face persist in the Weyl phase, whereas the two topolog-
ical hole states disappear and are replaced by two anti-
symmetric topological states at the outer surface. We
will calculate all topological states in the two phases an-
alytically and find excellent agreement with numerical
results. Furthermore, by studying the lowest and next-
lowest absolute value of the energy numerically in the
whole phase diagram, we identify all phase boundaries
and find perfect qualitative agreement with the analyti-
cal considerations.

Secondly, we propose the hole states to be of particular
interest for topological engineering. Taking a 2D system
with several holes, one can control the topological states
of each hole independently by local Zeeman fields and
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FIG. 3. Topological bound states for a Corbino disc for (a)
the topological gapped phase § > Ez and (b) the Weyl phase
|6] < Ez. The two topological states at the outer surface
persist in the Weyl phase, whereas the two topological hole
states disappear at the phase transition and are replaced by
two additional anti-symmetric states (indicated by the plus
and minus sign symbol) at the outer surface. The indices
s = *1 and v = +1 indicate the eigenvalues of the chiral
symmetry and the SUSY.

Aharonov-Bohm fluxes. With these two magnetic-field-
only control elements, we show that 1-hole and 2-hole
operations can be realized by tuning the shape of the
topological states in tangential and normal direction via
local Zeeman fields and by inducing a controlled coupling
between the states of the same hole via tuning the flux
away from half-integer value.

Finally, we analyse the stability of the topological
states against deviations from half-integer flux, flux pen-
etration, surface distortions, and random impurities. For
well-localized topological states we find rather robust sta-
bility up to impurity strengths of the order of the surface
gap (or even beyond for particular spinor dependencies).
Together with the fact that the BHZ model is a standard
model discussed in topology with various realizations pro-
posed in density functional theory [40] and experiments,
such as in quantum wells of HgTe/CdTe and InAs/GaSbh
[41, 42], ZrTes single crystal [43], and in cold atom sys-
tems [44-47], we expect that our proposal for the generic
model involving only very basic ingredients can be real-
ized in various material systems with sufficient stability.

Our work is organized as follows. In Section II we
set up the basic model and discuss the phase diagram
of the bulk spectrum. The central subject of the SUSY
will be described in Section III, where we show that the
squared Hamiltonian has an exact n = 1 SUSY represen-
tation. Section IV is devoted to the full analytical theory
for a Corbino disc, a prototypical example for an outer
and inner surface, which contains the essential physics for
any smooth surface. The general setup of the differential
equations needed to solve for the topological states is out-
lined in Section IV A. Subsequently we will discuss the
spectrum for zero Zeeman field in Section IV B, present



the derivation of the effective surface Hamiltonian in the
topological phase for a weak Zeeman field in Section IV C,
and study the topological states in the topological and
Weyl phase for a strong Zeeman field in Section IV D.
In Section IVE we summarize the results for the topo-
logical states and compare to numerics. The general va-
lidity range of the effective surface Hamiltonian for any
ratio of Zeeman and spin-orbit energy is presented in Sec-
tion IV F. The whole phase diagram for a Corbino disc
is presented numerically and compared to the analytical
predictions in Section IV G by analysing the lowest and
next-lowest absolute value of the energy eigenvalues as
function of the model parameters. Section V is devoted to
the derivation of the effective surface Hamiltonian for any
smooth surface by using orthogonal coordinates. In Sec-
tion V A, we show that the square of the surface Hamil-
tonian is given by a generic periodic Witten model. The
supersymmetric properties of the Witten model and the
low-energy spectrum of the surface Hamiltonian is anal-
ysed in Sections V B and V C, respectively. An example
for an area of peanut shape is discussed numerically and
analytically in Section V D. In the final Section VI, we
discuss the stability of the topological states against var-
ious perturbations in Section VI A, and the possibilities
for topological engineering in Section VI B. We close with
a summary and an outlook in Section VII.

II. MODEL

The 2D-SOTTI with SUSY properties considered in this
work are an important subclass of the 2D-SOTT listed
within the general classification scheme developped in
Refs. [15, 16, 19] (see, e.g., Section VI in Ref. [16]). At
zero Aharonov-Bohm flux the continuum version reads

p2

2m*

HOZF()( —5>+apI‘+Esz"y, (4)

where p = (pz,py) is the momentum, m* denotes the
effective mass, and b = (bs,by) is a two-dimensional
real unit vector in the plane of the system playing the
role of the direction of a generalized in-plane Zeeman
field. The generalized band inversion parameter, spin-
orbit coupling, and Zeeman energy are denoted by the
real numbers 4, o and Fz, respectively. In the remain-
der of this work we use units 7 = 1. The hermitian and
unitary spinor matrices I'g, I' = (I';,T'y) and ~ fulfil a
certain algebra characteristic for a certain Shiozaki-Sato
class [25]. Specifically, we need the properties

Ny =-I,0, I?=1 foral 4,j=0,2,y, (5
Loy = -0, Loy ¥ =7Tay, ¥ =1. (6)

Due to rotational invariance we choose b = e, by conven-
tion in the direction of the y-axis. Furthermore, without
loss of generality, we assume a > 0 since a sign change
of a is equivalent to changing x — —x.

Taking a hole in the system around x = (z,y) = 0
and applying a perpendicular magnetic flux ® through
this hole, we have to shift the momentum p — p + £A
via the vector potential A = (A (x,y), Ay(x,y)) (the 2-
component A, = 0 vanishes) with

e d
‘AW = Lun) =SV . T=g (D
where &y = % is the flux quantum, r = /22 + 32 de-
notes the radial coordinate and 0 < ¢ < 27 is the polar
angle, which we choose by convention relative to the axis
perpendicular to the Zeeman field, see Fig. 4. Our final
Hamiltonian then reads

Hp =e % Hyelle (8)

1

where
pK:p—i—EA:e*i«’cwpeif“’ (10)
c

denotes the kinetic momentum. Alternatively, using the
transformation (8), we note that the external flux can
also be treated via the Hamiltonian (4) at zero flux but
with twisted boundary conditions for the wave functions

Yol +27) = ey (). (11)

Although all our conclusions hold for the general
Hamiltonian (9), for pedagogical reasons we mostly con-
sider in this work the very instructive case of a 2D-BHZ
model with an in-plane Zeeman field, realized by the spe-
cial choice

I'y=0, , T'=0,8 , v=o04, (12)
leading to the Hamiltonian

Hp = e 1% Hyell¢ (13)

1
=0, (2—*pi—6)+aampK-s+EZsy. (14)

m
where s = (s;,s,) contains the Pauli matrices of the
physical spin-% operator S = %s, and o; are the Pauli ma-

trices describing the conduction and valence band. Due
to the band inversion induced by the energy shift § and
the spin-orbit interaction « a bulk gap is opened host-
ing two counter-propagating helical edge modes at the
boundary of a finite system. The edge modes are gap-
less for large system sizes but, as we will show below,
acquire a finite gap induced by the Zeeman field realiz-
ing a second order topological insulator. We note that
the spin-orbit interaction is equivalent to a Rashba-type
~ (pzSy — PySsz) perpendicular to the system, since a
spin rotation (sg,sy,s.) — (—Sy, Sz, 5.) around the z-
axis brings the Rashba interaction into the more conve-
nient rotationally invariant form p -s.



By convention, we denote energies and length scales
with a tilde symbol when they are measured with re-
spect to the spin-orbit energy and spin-orbit length, re-
spectively, defined by

ks20 1 * 2
Eso = % = §m a”, (15)
1
Aso = — = : (16)

ko am*

E.g., for the Zeeman energy Ez and the energy shift §
we define the dimensionless quantities

. By 1

~ 1)
E = = = 5 (5 = . ]. 7
77 FBo B Es an

In addition, we introduced the dimensionless length scale
lp = lB/Xso, which characterizes the Zeeman field and
will be called magnetic length in the following (note that
it is not related to any orbital magnetic field).

For an infinite system in the thermodynamic limit, i.e.,
when the outer surface goes to infinity, one can study in
the asymptotic region the energy dispersion of the bulk
states, see Appendix A. Since the magnetic flux through
the inner hole does not play any role in this regime, one
obtains a flux-independent bulk gap given by

Ak = Apuie/ Eeo
6—1—1/13 for &> max{2,1+1/(41%)}

=10l —1/% for & <2and |6 >1/1%
0 otherwise
(18)
Thus, the bulk gap closes at
5 1+4i‘}3 for(f>2' 19)
:I:l% for § <2

In this work we will restrict ourselves mostly to the
regime of strong spin-orbit § < 2 and Iz > 1/v/2, or,
equivalently, to

§,Ey < 2E,, . (20)

In this case, the spin-orbit length As, is the smallest
length scale and is used for the lattice spacing within
a discrete tight-binding formulation of the model, see
Appendix D. Therefore, only the gap closing lines at
§ = £1/1% are of relevance here, see the black lines in
Fig. 5. They separate two gapped phases with a gapless
regime in between. For the numerical implementation of
the model we use both a continuum version in terms of a
basis set of spherical Bessel functions (for an area of disc
shape, see Appendix C) as well as a tight-binding ver-
sion described in Appendix D. The latter approach has
the advantage that it can deal with any shape of the area
and the stability of topological states against disorder can
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FIG. 4. Sketch of the system (shaded area A) with two bound-
aries formed by the inner and outer surface. A flux ® is
threaded through the hole formed by the inner surface. The
y-coordinate is chosen in the direction of the Zeeman field B.
Polar coordinates are denoted by (r, ). If the area A is cho-
sen symmetrically to the - and y-axis (as shown), the SUSY
properties are exact and apply to all states.

be studied. For the special case of a disc we have com-
pared the two different numerical methods and checked
for quantitative agreement of the low-energy spectrum.

The typical band structure in the gapless and gapped
phase is shown in Figs. 6(a,b). In the gapless case, we
show in Appendix A for 5 < 2 that two Weyl points
appear at k = tky with ky = (0, kw) and

kw = kw /kso = \/8—2+\/E§+4(1_5), (21)

see also Fig. 6(a). As a consequence we will denote the
gapless phase by the Weyl phase (WP) in the following
and will see later that it has also interesting topological
properties (although less stable against disorder due to
the absence of a gap). The two Weyl points are charac-
terized by an anisotropic derivative of the dispersion in
k. and k, direction

&
~k |k:kw =2, (22)

&y 2w = ~
of ek = VER R0 @y

On the gap closing line § = +FEy, with Ey < 2E,,,
the two Weyl points merge together to a single point at
k = 0, with a topological gapped phase (TP) for § >
Ez and a non-topological gapped phase (NTP) for § <
—FE 7, see the detailed discussion of the phase diagram in
Section IV G. Since we restrict ourselves to the regime of
strong spin-orbit d, E; < 2FE,, in this work, we note that
the minimum of the dispersion is always at k = 0 in the
gapped phase, see Appendix A.




= 1/l~2B = EZ

= -1/} = —FEz

I

FIG. 5. The three different phases of the model as function of
the band inversion shift § = & /Eso and the magnetic length
g = lB/Xso. Two lines at 5 = :I:l/l~23 = +E, = Ez/Es
separate the topological gapped phase (TP) 5> 1/l~23 from
the Weyl phase (WP) |§| < 1/i% and the non-topological
gapped phase (NTP) b < —1/l~23.
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FIG. 6. The spectrum éx = ex/FEso of the four bands as
function of kyy = kuy/kso for Ip = 2, with (a) § = 0 in
the gapless phase and (b) 5 = 0.5 in the gapped topological
phase. In the gapless phase (a) one finds two Weyl points at
£(0, /~cw), with kw given by Eq. (21).

III. SUPERSYMMETRY

In this section we will analyse the supersymmetric
structure of our model. In Section III A we state the
exact symmetries of the general model Hamiltonian (9)
and find besides chiral and inversion symmetry another
important symmetry, a mirror symmetry with respect to
the axis perpendicular to the Zeeman field. At the par-
ticular value of half-integer flux f = % it is shown that
the mirror symmetry anti-commutes with the inversion
symmetry leading to a nontrivial realization of SUSY.
For this reason, the mirror symmetry is called SUSY in
the following. We show that the SUSY protects a 2-fold
degeneracy of all eigenstates and, as a consequence, will
protect a pair of topological bound states at zero en-
ergy (if present). The topological invariant is then given
by the Witten index which distinguishes between unbro-
ken and broken SUSY, depending on whether states with
zero (or exponentially small) energies are present or not,
respectively. In Section III B we present the formal rep-

resentation of SUSY in terms of the supercharge operator
and show that it relies only on the presence of inversion
and mirror symmetry, independent of the special form
(9) of the model.

A. Symmetries of the model
Starting from the general form of the Hamiltonian (9)

we find chiral and inversion symmetry given by

SH;S = —H;
ILHII = Hy |

S=8"=T,T,7, (24)
D=1 = P Ty, (25)

where Py denotes the parity transformation x — —x.
The Hamiltonian does not fulfil time-reversal symmetry
but, for the special BHZ-type realization (12), we can
relate H; and H_; via the anti-unitary transformation

0.5:H}0.5, =H_j. (26)

As a consequence, the spectra of Hy and H_; are the
same.

Furthermore, using (10), we find another important
mirror symmetry

UgH U = Hy (27)
Up=U}=e 9P, TTyyel? (28)
=e 212 P, T Ty, (29)

where P, denotes a sign change of the polar angle ¢ —
—p, which is equivalent to changing the sign of the y-
coordinate, i.e., the sign of the coordinate along the Zee-
man field. The exponentials gauge away the flux such
that the two components of the kinetic momentum are
transformed with different signs

Uf (pa: + Az) Uf =P+ Az ) (30)
Uy (Py + Ay) Up= _(py + Ay) : (31)

However, to respect periodic boundary conditions under
¢ — ¢ + 2m, the transformation Uy is only an allowed
symmetry for integer and half-integer fluxes f = 0,1/2
mod (1) in units of the flux quantum. As we will show
in the following the interesting case is a half-integer flux
where Uy /, turns out to be a SUSY leading to a typical
SUSY spectrum with an exact 2-fold degeneracy of all
eigenstates except for a single state at zero energy (due
to chiral symmetry this SUSY spectrum turns out to oc-
cur twice for the absolute value of the Hamiltonian, see
below).

The crucial property of the SUSY operator Uy, at
half-integer flux is its anticommutation with inversion
symmetry

U1/2H:_HU1/2, (32)

whereas, for integer flux, one gets the commutation
UpIl = IIU,. Since we can choose all eigenstates |1)) of



the Hamiltonian simultaneously as eigenfunctions of the
inversion symmetry IT|¢)) = £|t), we find for half-integer
fluxes that [+/) and its SUSY partner U /5|1)) must be or-
thogonal

(Y|U12Y) = (W|ILU, 2 1)
:_<1/’\U1/2HH|7/J>:_<1/)|U1/2|1/)>7 (33)

where we used (32) and 112 = 1 in the last two steps.
Since both [¢) and Uy /5|¢) are eigenstates of the Hamil-
tonian with the same energy, this leads necessarily to an
at least 2-fold degenerate spectrum of the Hamiltonian.
This is similiar to Kramers degeneracy but the orthogo-
nality of time-reversed partners is replaced by orthogo-
nality of SUSY partners. For our model it turns out that
no further degeneracies are present, i.e., the degeneracy
is given precisely by two.

Due to chiral symmetry all eigenstates [1)) at positive
energy have a counterpart S|i¢) with negative energy. All
eigenstates are 2-fold degenerate due to SUSY and, there-
fore, also a possible zero energy state must be 2-fold de-
generate. Since both the bulk and edge state spectrum
is gapped in the presence of spin-orbit and Zeeman in-
teraction, the zero energy states correspond to topolog-
ical bound states generated by second order topology.
If they exist, they are topologically protected by SUSY
since a splitting would break the 2-fold degeneracy (note
that chiral symmetry alone would allow for such a split-
ting). Furthermore, due to chiral symmetry, a pair of
zero-energy states can not shift away from zero-energy.
As a result we find here a topological protection via the
combination of chiral symmetry with SUSY, quite simil-
iar to topological protection induced by chiral symmetry
and time-reversal symmetry with 72 = —1 (leading to
Kramers degeneracy).

To reveal the typical SUSY structure of the spectrum,
it is most convenient to start with a hole in an infinite
system, as sketched in Fig. 1(a). In this case one obtains
in the TP two topological states exactly at zero energy lo-
calized at two opposite points of the hole surface with dif-
ferent chirality s and different value u for the SUSY. This
happens not only for a circular hole but for all mirror-
symmetric hole surfaces where several pairs very close to
zero energy can appear at the positions where the normal
component of the Zeeman term changes sign. However,
as explained later in more detail, one of these pairs will lie
exactly at zero energy at the SUSY point for half-integer
flux whereas the other ones are at exponentially small
energy for a large hole radius. Instead of considering
the Hamiltonian H it is then more convenient to identify
the SUSY structure of the spectrum by considering the
squared Hamiltonian

Hw = H12/27 (34)

which has only positive or zero energies. This model
(with dimension of energy squared) is called a Witten
model for supersymmetric systems. Since Hyy commutes
with the chiral symmetry one obtains a SUSY spectrum

in each chiral sector separately, with a 2-fold degeneracy
of all states with positive energy (labelled by the super-
symmetry u = £1) and a unique zero energy state in
the TP, see Fig. 1(b) where we show the spectrum of
the absolute value of the Hamiltonian |H| = Hw . In
this case one obtains unbroken SUSY, whereas in the WP
and the NTP the zero energy states do not exist, denoted
by a broken SUSY. We note that the SUSY structure of
the spectrum applies to all states of the system, i.e., to
the states localized at the boundary below the bulk gap
Apuk and to the bulk states above the bulk gap (where
the continuum has a 4-fold degeneracy with respect to
s ==+1 and u = £1). As already explained in the intro-
duction the boundary states below the bulk gap consist of
three different kinds: (1) edge states extended along the
surface for energies between the surface gap Agurface and
the bulk gap, (2) localized bound states at finite energy
below the surface gap, and (3) topological bound states
exactly at zero energy. Whether the energy scale of the
first bound state at non-zero energy is given by the Wit-
ten frequency Qy or not, depends on the shape of the
hole. If 2n points are present on the hole surface where
the normal component of the Zeeman term changes sign,
one obtains one pair of topological states at zero energy
and n — 1 pairs of localized bound states with an expo-
nentially small energy (i.e., for a disc with n = 1, the
first pair of bound states at non-zero energy starts with
the Witten frequency as shown in Fig. 1(b)).

For a finite system with both an inner and an outer
surface, we note that there are never states strictly at
zero energy, due to an exponentially small splitting in-
duced by a hybridization between zero-energy states lo-
calized at the inner and outer surface, see also the more
detailed discussion below. Therefore, in a strict math-
ematical sense the SUSY is always broken for a finite
system. However, when neglecting the experimentally
unmeasurable and exponentially small splitting between
the zero-energy states localized at different positions in
a finite system (as is standardly done for all topological
systems), it is reasonable from a physical point of view
to use the nomenclature of unbroken SUSY also for this
case. Nevertheless, one should keep in mind that the
SUSY structure of the spectrum of the Witten model
Hw applies only to the states localized either at the in-
ner or the outer surface but not to the bulk states for a
finite system. The discrete bulk states are not related to
the inner or outer surface and just have a 4-fold degener-
acy due to chiral symmetry and SUSY. It is then unclear
how to associate a given SUSY pair of bulk states at fixed
chirality to the two SUSY spectra of the boundary states
at the inner and outer surface with the same chirality,
and any choice would be ambigious and very unphysical.
Therefore, for a finite system, the SUSY structure of the
spectrum applies only to the effective surface Hamilto-
nian to be introduced later and is closely related to the
27d_order mechanism of inducing zero-energy topological
surface states.

We note that the symmetry considerations in this



section apply to all states of the system, irrespec-
tive of whether they are 2-dimensional bulk states, 1-
dimensional edge states along the boundary of the sys-
tem, or zero-dimensional bound states generated by 2nd-
order topology. However, in order for our symmetry ar-
guments to apply for a system with a boundary living
only in a finite region x € A, we have to require that the
corresponding confinement potential

0 for
oo for

X € A

g A (35)

V(x) =0, {

fulfils the same symmetries. Obviously, this is only the
case when the area A is both symmetric under reflec-
tion of the z- or y-coordinate, i.e., if (z,y) € A, then
also (—z,y), (z,—y), (—z,—y) € A must be fulfilled, see
Fig. 4.

Zero energy topological states are bound states local-
ized at the boundary of the system, i.e., either at the
inner or outer surface. If present, we will choose them
by convenience as eigenfunctions of the two commuting
symmetries S and U,/ with eigenvalues s,u = £1

Hypolthsu) =0, (36)
Shsu) = s|Ysu) s U1/2|wsu> = u|su) - (37)

Since S and Uy, anticommute with II we can further-
more choose the eigenstates such that the application of
the inversion symmetry changes both the sign of S and
Uijo

W}—s,—u> == 7H|wsu> ) (38)

where, for convenience (see later), we introduced a sign
factor here. As a consequence, topological states appear
for mirror symmetric areas always in pairs of two bound
states localized at two points of the boundary at opppo-
site positions with different signs for s and u. These two
wave functions can not hybridize since they have differ-
ent eigenvalues of the supersymmetry. For a finite sys-
tem several pairs can occur (either at different or on the
same surface), where the wave functions from different
pairs have the same value of u and different values of s.
In this case, the wave functions from two different pairs
can hybridize via the Hamiltonian, such that the exact
eigenstates are no longer eigenstates of the chiral sym-
metry but appear in two pairs at non-zero energy —te.
This is typical for all finite topological systems where lo-
calized bound states can appear at two different ends of
the system with an exponentially small orbital overlap.
This overlap leads to an exponentially small splitting of
the two states which can be neglected for a large system.
Therefore, when neglecting the exponentially small or-
bital overlap of wave functions from different pairs, we
can still use the states |1),) as the topological bound
states which are localized at a certain position and are
eigenstates of S and U; ;. As a consequence, (36) has to
be changed to Hy/3|t¢su) = 0 up to exponentially small

terms but (37) remains the same. Numerically, this is
achieved by first determining the two pairs of states with
energy closest to zero energy and, subsequently, diago-
nalizing S and U/ in this 4-dimensional subspace such
that (37) and (38) are fulfilled.

We will see that the topological bound states appear
always at the positions of the surface where the normal
component of the Zeeman field changes sign. This has
already been discussed in other works [27-35] for sharp
corners in 2D systems, where the emergence of topolog-
ical bound states via 2"d-order topology is induced by
the application of an in-plane Zeeman field breaking ro-
tational invariance around the z-axis. It is related to
the occurrence of bound states at the interface of two
effective edge state Hamiltonians with the Zeeman term
being the mass term and changing sign. Similarly, we will
show below that the same mechanism happens here but,
instead of considering sharp corners at the boundary as
in previous works, we will analyse arbitrary smooth sur-
faces where the curvature radius is much larger than the
localization length of the bound states. This will allow
us to derive effective surface Hamiltonians for a given
surface in the form of generic periodic Witten models
with supersymmetric properties. Moreover, within this
formalism, we will find a new viewpoint for the occur-
rence of topological states being trapped in minima of
effective surface potentials. In particular, this allows for
a full analytical theory to determine the wave functions
of the topological states, together with the analysis of
other bound states at higher energy. Since the Corbino
disc contains already many of the possible scenarios, we
will consider a Corbino disc in section IV and leave the
discussion of arbitrary smooth surfaces to Section V.

B. SUSY representation in terms of supercharge
operator

To write the Witten Hamiltonian Hy, in the formal
framework of SUSY Hamiltonians we define the hermi-
tian supercharge operator Q = Q' and the involution K
by

Q=H I , K=U,/, (39)
and find the so-called n = 1 SUSY representation [36]
Hw=Q> , QK=-KQ , K*’=1. (40)
Using
SUijpp=Us2S , SlI=-IIS, (41)

we find that the chiral symmetry commutes with both @
and K. Therefore, the representation (40) is valid in both
chiral sectors separately. Within each chiral sector, the
2-fold degeneracy follows only for all states with positive
eigenvalue of Hyy, but not for a possible state with zero
eigenvalue. This follows by taking the eigenstates |¢) of



‘Hw simultaneously as eigenstates of the involution K.
One then gets from QK = —KQ and K? = 1 analog
to (33) that |¢p) and Q|v) are orthogonal to each other
and are both eigenstates of Hy = Q? with the same
eigenvalue E. For E > 0, we get Q|¢) # 0, leading to
a 2-fold degeneracy. However, since () is not unitary, it
is also possible that Q|¢) = 0, which must be obviously
the case for the state with ¥ = 0. Therefore, one gets a
non-degenerate eigenstate of Hy, with zero eigenvalue in
each chiral sector (at least if it exists).

Equivalently, one can also find a so-called M = 1
SUSY representation (without an involution and a non-
hermitian supercharge operator) or a m = 2 realization
(with two hermitian supercharge operators and no invo-
lution) [48] via the definitions

Q=3Q0+K), (12
Q= %@m*) i (43)
Qs = —%@ ~Qh=0q}. (44)

It is then straightforward to show that one gets the M =
1 form

Hw =QQ"+Q'Q , @*=0, (45)
and the m = 2 form

Hw =Q1=Q3 , Qi1Q2=—-Q2Q:. (46)

We note that the general SUSY representation does
not rely on chiral symmetry and is possible for any sys-
tem with inversion and mirror symmetry, independent of
the special form (9) of the Hamiltonian. Let us assume
that the Hamiltonian has inversion symmetry Il = P I'f
and mirror symmetry Uy = P,I'y at zero flux, where
I'm and I'y are any spinor matrices which either com-
mute or anti-commute with each other (which is always
the case when they consist of any product of Pauli ma-
trices from different spinor degrees of freedom). If they
anti-commute already at zero flux, we can use the above
construction with Uy /5 — Uy and get a SUSY realization
at zero flux. If they commute we can apply a half-integer
flux and define the new mirror symmetry

Uyjo = e WUy = e /2 Uy et¥/? (47)

By construction, U, /5 is a mirror symmetry of the Hamil-
tonian at half-integer flux and anti-commutes with II.
As a consequence, we obtain a SUSY realization at half-
integer flux.

IV. CORBINO DISC

To discuss the phase diagram of the Hamiltonian in
terms of the number of topological states at exponen-
tially small energies it is most convenient to start with
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the discussion of a Corbino disc with outer radius R
and a hole of inner radius R. through which we apply
the flux ® = f®, see Fig. 7. We discuss here the most in-
teresting case of half-integer flux f = 1/2 and state at the
appropriate places the stability of the topological states
for small deviations from half-integer flux. We present
the analysis of the topological states and the derivation
of the effective surface Hamiltonian for the special case of
the BHZ-model with Zeeman field given by Eq. (14), but
note that analog considerations can be done for the more
general model (9). We start in Section IV A with the
general setup for the differential equations to be solved
for the topological states, and discuss subsequently the
cases of zero Zeeman field in Section IV B, weak Zee-
man field in Section IV C, and strong Zeeman field in
Section IV D. For readers not interested in the technical
details, the wave functions of the topological states are
summarized in Section IV E and compared to numerical
results. In Section IV F we will state the generic validity
range of the low-energy theory in terms of the universal
low-energy surface Hamiltonian. Based on these results
we will then discuss the phase diagram in terms of the
Witten index in Section IV G and again compare with
numerical results.

A. Topological states

For a Corbino disc it is most convenient to represent
the Hamiltonian in polar coordinates and rotate the spin
in radial and angular direction locally to the z- and y-
axis, respectively. This is achieved by the following uni-
tary transformation

_ 1
Hyp = XWT UR/?HWWUWX, (48)

with
U=e a(ts:)e (49)
1 1
W:§(1+0y)+822(170y), (50)
1
X = (1+i0y,). (51)

V2

The transformation with /r is convenient due to the
transformation of the area element dxdy = rdrdy and
leads to the normalization condition

R~ 27
/ dr dy
Re

for the eigenfunctions ¥ (r,¢;02,5.) of Hyo.

The transformation U eliminates the half-integer flux
and rotates the radial and angular spin locally to s, and
sy, Tespectively, according to

I@(mp;oz,sz)l2 =1. (52

asz

UTer~sU:SI , UTe¢~SU:8y7 (53)



FIG. 7. Corbino disc with inner radius R« and outer radius
R (shaded area). A flux ® is threaded through the hole. The
y-coordinate is chosen in the direction of the Zeeman field B.
Polar coordinates are denoted by (r, ) and e, denote the
local unit vectors in radial and angular direction.

where e, , are the unit vectors in radial and angular di-
rection, see Fig. 7. We note that the transformation U
does not change the boundary conditions in angular di-
rection since it is periodic under ¢ — ¢ + 27 (note that
s, = £1).

Finally, the unitary transformations W and X are
chosen for convenience to simplify the spinor structure.
Whereas X rotates the orbital spinor by 7/2 around the
y-axis

Xo,X=0, , X'o,X=—-0,, (54)

the transformation W has the effect
w w
Sm,y — sm,y Uy ) Jm’,z — Uz,z Sz 9 (55)
while keeping s, and o, invariant.

A straightforward calculation gives the following result
for the transformed Hamiltonian in dimensionless units

Hy )3/ Eeo = 04 [(fag B P 22-0;5?,)] (56)
2. 1 1.
+ ow(—;zag,sm — ﬁaisz + ﬁzaw) (57)
1 .
+ Uyg(sgg sing + s, cos ), (58)

where 7 = r/As0, 5= 6/ Eso, and Ip = 15/ Aso-
After the transformation we get for the transformed
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symmetry operators

S=-0,, (59)
= —Pos,, (60)
Ul/Q :Pgoo'zsz- (61)

We also note that the total angular momentum in z-
direction J, = L, + s,/2, with L, = —i0,,, transforms
as

J.=L.—~. (62)

To discuss the appearance of topological states at zero
energy we first write the Hamiltonian and the symmetry
operators in the ,-basis as

- 0 A = -10
— 01 — 1 0
n:_px(lo) , U1/2:P¢3x<0 _1>, (64)

with

A/Es, = (=02 — 8)s, + 2i0rs,

2. 1., 1

— ;Z@wsz — 7:*28@52 + 7”:727/6@
1

- zl~7(5m sing + s, cos ). (65)
B

For the zero energy states |tg,) of Hl/g, we have to
solve

Ad, =0, (66)
and get from (37), (38), (59) and (60)

1/;1,u<7:7(p;0'za5z) = (I)(U)(fﬂﬁsz) ( (1) ) s (67)

w—l,u(iza P50z, 32) = _(ﬁz/jl,—u)(”:a Y502, Sz)

:@me¢+nmg<é) . (68)
Noting that A anticommutes with P,s, and using
P,s, = —Uj/p in the subsector o, = —1 according to
(61), we can choose the two zero energy states ¥, as
eigenfunctions of P,s, with eigenvalues —u. This gives
the following form for @,

w)(x 1 w) (= 1
@me:ﬂ%ﬂmwh>+

z

+X$Vﬂw)(ji)&}, (69)
(u)

where x’ (7, ) are (anti-)symmetric states in angular
space

X (7 —¢) = £ (7, 0) s (70)



and normalized according to

R> 27
[ [ ae (WP P = 1ae. )
Re 0

with B> = Rz /As.
Inserting the form (69) in (66) and using (65), we get
the following two coupled differential equations to deter-

mine the functions X(iu)(f, ©)

= u 1
(8? — 0 F2u0r = i COS ( — 7:2839> ng)

B
1 u
- <i21;i8¢ + zl% sin g — ﬂia¢> =0, (72
B

These two differential equations have to be solved with
the boundary condition

W (Rz,0) =X (Rs,0) =0, (73)

However, for states localized at the outer or inner sur-
face, we need to consider only the boundary conditions
at one of the corresponding surfaces, thereby neglecting
exponentially small contributions at the other surface if

AR=R. —R.>1 (74)

is fulfilled, which we always assume implicitly in the fol-
lowing. As discussed at the end of Section III, this has
the effect that the energies of the topological states are
not exactly at zero energy but only at exponentially small
energies (which we neglect).

We proceed with the discussion of zero, weak and
strong Zeeman field in the next subsections. A weak Zee-
man field (% > 1 allows for a clear understanding of the
occurrence of topological states due to a 2"4-order mech-
anism via the derivation of effective surface Hamiltonians
hosting topological states in minima of effective surface
potentials. The derivation of topological states at strong
Zeeman field Ip ~ O(1) is more subtle and requires a
careful study of the solution of the two differential equa-
tions (72).

B. Zero Zeeman field

For the special case B = 0, the Hamiltonian g% =

_ 1/2 =
H, /2| p=o is rotationally invariant around the z-axis and
commutes with the angular momentum L, = —id,, in 2-

direction (note that J, and L, differ only by a constant,
see Eq. (62)). In each eigenspace of L, the angular de-
pendence of the eigenfunctions is given by \/%e““’, where
l=0,%+1,42... denotes the integer eigenvalue of L,. In
this subspace we can replace —i0, — ! and the radial
part follows from the Hamiltonian

0 -
Hl(/)Z,l/ESO = o.My ; (75)

12

12
2% =

NN or,
- 7
< or] (ﬁn&)’ 7

~ ~ 21
hy = (=02 — 8)s, + 2i07s, + - S + (76)

where we defined
l n l
=90 +- |, l“l:—&: + =. (78)
7 T

For a flux deviating from half-integer value we have to
shift the angular momentum by f — 1/2, i.e., we replace
it by the index v defined by

l—>z/:l+f—%. (79)
The Hamiltonian h, written in the form (77) is iden-
tical to the generalized supersymmetric Dirac Hamilto-
nian, as discussed e.g. in Section 9.1.1. of Ref. [1]. Dis-
regarding boundary conditions it can be solved exactly
for the bulk states in terms of Hankel functions, see Ap-
pendix B. Taking only one of the boundary conditions
at the inner or outer surface into account (which is valid
under the condition (74), see discussion above), we will
also determine in Appendix B the edge states localized
at the inner surface for any radius R« and the ones at
the outer surface for large radius R~ > 1. In both cases
it turns out that edge states exist only for positive band
inversion parameter

§>0, (80)

i.e., if the two bands overlap. This is standardly expected
for systems involving only band inversion and spin-orbit
coupling.

_If both the inner and outer radius are large, i.e.,
Rz > 1, we can neglect the last two terms of (76) for
the determination of the edge states and approximate
2l/7 ~ 2l/R> at the outer/inner surface. The Hankel
functions can then be replaced by plane waves and one
can solve approximately the eigenvalue equation for the
radial part of the edge states

N R
hl93) = & 103 (81)
This gives the following result for the dispersion

2 21+ f—1/2
e%zi];:i—(+f /2)

2 Rz

; (82)

which differs by a sign factor for the outer/inner surface.
The radial part of the edge state wave function is inde-
pendent of v and given by

7> Ni 1 _ f_N
T2 (5. ~ ﬁ(ﬂlzm Ra), (83)
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FIG. 8. Spectrum (in units of Es,) at zero Zeeman field for a disc of radius R = 40 as function of the deviation f — 1/2 from
half-integer flux, with 6 = 1, shown on two different scales. We use tight-binding numerics as described in Appendix D with
t=a=1,a=2and m =1/2. The spectrum is symmetric around zero energy (due to chiral symmetry) and symmetric around
f —1/2 (since time-reversal symmetry changes the sign of the flux, see Eq. (26)). For f = 1/2, all states are 2-fold degenerate
due to SUSY. Inside the bulk gap set by 5, we find a set of discrete edge states localized at the disc boundary labelled by the
angular momentum I = 0,+1,42 ... with crossing linear dispersions given by & = +2(I + f — 1/2)/R + O(1/R?) (where +
refers to the og-value in the transformed basis), see Egs. (82) and (75). In addition there are two center states with a very
steep slope due to their strong sensitivity to the boundary conditions, with € &~ :F4S(f —1/2) for |f —1/2| < 1, see Eq. (87).

with 7 < R and

6>1

VAN, | sinh [|5 — 112 r] for 0<d<1’
(84)

~ —F sin |6 — 1127 for
b 18— 11727

see Appendix B and Section IV C for details. Here, N,
is a normalization factor given by

16 -1

N, = — 85
= (55)
such that the normalization condition
Rz _
D SIS (36)

Foo s.==+

is fulfilled. Importantly, the edge states are polarized
with respect to the z-component of the transformed spin
with eigenvalue s, = %1 for the outer/inner surface. This
is due to the fact that s, is the chiral symmetry of the
first two terms of (76) which determine the edge state
wave function in radial direction.

Since the total Hamiltonian is given by I:I](co)/ FEy =

ozhy, this gives rise to the two dispersions :l:él2 as func-
tion of the angular momentum [ — 1/2 in z-direction
(at fixed flux). They correspond to the two standard
counter-propagating helical edge modes (labelled by the
helicity 0, = £1) as known from the BHZ model [26].
The flux dependence is shown in Fig. 8 via a numerical
study of the energies of all eigenstates for a disc with
radius R = R> = 40 and zero hole radius R = 0

(i.e., the flux is applied through an infinitesimal small
hole), with 6 = 1. The spacing between adjacent levels
is not precisely given by the finite size quantization 2/ R
since O(1/R?)-corrections are present. However, besides
this, the result of the linear dispersion of the edge modes
within the bulk gap set by § is perfectly reproduced. In
accordance with the 2-fold degeneracy implied by SUSY,
the two dispersions cross precisely at half-integer flux. At
finite Zeeman field one obtains a repulsion of adjacent
levels (without changing the degeneracy at half-integer
flux due to SUSY) leading to a modified band structure
as function of the flux which changes drastically when
the Zeeman energy Ez becomes much larger than the
spacing 2/R, see Section IV C and Fig. 9. In this case, a
surface gap of the order of Ez opens up, hosting bound
states localized in addition in angular space.

For the special case v = 0, i.e., for [ = 0 and half-
integer flux f = 1/2, the Hamiltonian hq is translational
invariant, i.e., one obtains for any hole radius R. the
same energy €~ = 0 and the same radial edge state wave
function ®,, as for large hole radius. The fact that the
energy of the two v = 0 states must stay at zero follows
also from symmetry arguments since SUSY and chiral
symmetry protect their 2-fold degeneracy such that they
can not split and must stay exactly at zero when reducing
the hole radius.

In contrast, the states at the inner surface at finite
v # 0 have a strong flux dependence at small R. < 1
since they are very sensitive to the boundary conditions.
In Appendix B we find that all states at finite { # 0
move out of the gap in the limit of small hole radius. An
exception is the dispersion of the [ = 0 center states at



the inner surface which start with zero energy at f = 1/2
(for any hole radius, see above) but obtains a very steep
slope as function of the deviation f — 1/2 of the flux
from half-integer value which remains finite in the limit
R. — 0, see Fig. 8. For small |f —1/2] < 1, we find the
result

_4(f-1/2)
16— 1

arctan Vo —1 for 6> 1

X < ~ .
1 ”7@ for 0<d<1

= In

27135

It shows that the center states are rather unstable against
the application of a flux away from half-filling. This is
in contrast to the topological states for large radius in
the presence of a weak magnetic field as discussed in the
next subsection.

(87)

C. Weak Zeeman field and the effective surface
Hamiltonian

We continue with a discussion of a weak Zeeman field
%> 1, (88)

and consider either the occurrence of localized states at
the outer or inner surface 7 ~ R with a large radius

R>1. (89)

Here, we use for convenience the short-hand notation
R = Ry for the outer or inner surface, respectively. Fur-
thermore, we assume to be deep in the gapped phase

o> Ey=1/1%. (90)

This assumption is essential in the present section since
the derivation is only valid if the bulk gap Apyx = 0—Ez
is much larger than the surface gap Agurface = Ez. Both
the crossover from the gapped to the Weyl phase at
0 ~ Egz together with the regime of the Weyl phase
[0] < Ez requires the treatment of the energy shift §
and the Zeeman term on an equal footing and will be
described in the next section. Under these conditions we
can approximate the Hamiltonian H, /2 first by the lead-
ing order terms (56), defining an effective Hamiltonian in
normal direction to the surface

Hy/Ew = 0, [(—83 —8)ss + 21'8;51,)} . (91)

Therefore, the radial part of the bulk Hamiltonian can
be solved by plane waves e**" leading to

it () Buo = o [ (R = 8)s. = 2ks,)| . (92)
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As a consequence, the bulk spectrum of the normal part

is given by
e/ Bso = \/ (k2 = 0)% + 4k2, (93)

giving rise to a bulk gap Apuk/Fso = § for 6 < 2, con-
sistent with (18).

Any eigenstate 1Z)n of ﬁn localized either at the outer or
inner surface 7 ~ R = R can be written as an eigenstate
of o, multiplied by a state 1, (7, s, ), with 7 < R, fulfilling
the boundary condition

Un(R,s.) =0. (94)

To obtain these states we consider a linear combination
of two bulk plane waves (multiplied with correspond-
ing spinors) with different k1 o and finite imaginary part
Imk; 2 < 0 such that the plane waves decay exponen-
tially into the bulk. To fulfil the zero boundary condi-
tion (94) for both s, = &, this is only possible if the two
spinors are the same which is only the case for zero en-
ergy € = 0, see Appendix B for details. Using (93) this
leads to

0 {i\/g—l—i—i for §>1>1/1%
1,2 =

‘ ~ P (o
i(l+vV1-9) for 1/I5 <0<

for states localized at the inner surface, whereas for the
ones localized at the outer surface we have to replace
k1,2 — —k12. The eigenstate in normal direction local-
ized at the outer/inner surface is then given by

B~ (L) (R bRy

which leads to Eq. (83) after normalization. From this re-
sult we get for the normal localization length &, = &, /Aso
the result

for & > 1> 1/13

1 1
= = . S N (Y ¢
&n {1\/15 for 1/13 <0 <1 ©7)

The zero energy solutions for the normal part have
an infinite degeneracy since they occur for any angle .
The degeneracy is lifted by the other ¢-dependent parts
(57) and (58) of the Hamiltonian. Under the condition
(90) that the bulk gap is much larger than the surface
gap, we can project the total Hamiltonian (56-58) on
the zero energy solutions of the normal part. We find
that in first order perturbation theory the terms involving
8y,. do not contribute since @Ef is an eigenstate of s,.
Furthermore, for R >> 1, we can neglect the second term
~ 7729, of (57) compared to the first term. Thus, after
projection and setting # ~ R, we obtain the following
effective surface Hamiltonian to determine the angular
dependence of the edge states

_ 2 1
+HZ [Eyy = 04=(—i0,) + 0y=— sing,  (98)
R 2



Here, the spinor operator s, is replaced by £1 in (98)

since 1@% is an eigenstate of s, with eigenvalue +1. This
sign influences only the sign of the dispersion but not
the eigenstates. The total wave function localized at the
outer or inner surface is then a product of the solutions
along the normal and tangential direction

w%(f7 P30z, SZ) = wr% (’Fa Sz) ¢t (QD7 UZ) ) (99)

where @Z_)E is given by (83) and 1; is an eigenstate of the
surface Hamiltonian (98) normalized according to

27
| e ¥ titeor 1.

o,=%

(100)

The surface Hamiltonian has the form of a periodic
Dirac model with a potential term involving the normal
component of the Zeeman field. In Section V we will see
that the same result is obtained for an arbitrary smooth
surface. The first term leads to a linear dispersion of two
edge modes propagating in opposite directions along the
surface and crossing at zero energy. The second term acts
as a mass term leading to a gap in the edge state spec-
trum of the order of the Zeeman energy. Since the mass
term changes sign at ¢ = 0,7, we expect zero-energy
topological bound states to appear at these positions.
From the fact that the mass term changes from negative
to positive values when crossing ¢ = 0 along the surface,
and vice versa for ¢ = m, we expect different chiralities
S = —0, = +1 for the zero-energy states localized at the
two positions ¢ = 0, w, respectively. The angular spread
Ay of the topological states can be estimated by compar-
ing the order of magnitude of the two terms of the surface
Hamiltonian (98). This leads to 1/(RAp) = Ag/I% or

B

Ap =
4 R

]
Z = : (101)
VR
which gives for the tangential localization length &; the
estimate
& =&/ o = RAp = VRIg. (102)

The angular spread is small compared to unity for large
radius

VEsilpep<lod <Rk, (103)
which is the regime of well-localized states where the tan-
gential localization length is much smaller than the cir-
cumference of the surface. In this case the derivation of
the surface Hamiltonian is systematic in the sense that it
includes all sub-leading terms ~ 1/&, beyond the leading
order terms ~ O(1) present in the normal Hamiltonian
(91). This follows from the following estimates of the
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various terms present in (57) and (58)

1 1 1

L
=0, =~ =< =, 104
T2 ® R2A§02 52 ft ( )
1 1 1 1
728¢N~7Nﬁ7<<7 (105)
r R*Ap  R¢ &t

1 A 1

Zosing ~ 22~ = (106)

I% B &

A delicate issue is the Zeeman term in tangential direc-
tion ~ (1/1%) cosp ~ R/&? which, for { < R, becomes
larger than the terms considered in the surface Hamilto-
nian. However, since this term involves the Pauli matrix
Sy, it can contribute only in second order perturbation
theory (with bulk states of energy ~ & ~ O(1) as inter-
mediate states) and therefore contributes in order 1/ Z~4B
to the surface Hamiltonian. To neglect this contribution
we need in addition the condition
i<<§<:>\/§<<z33. (107)
B t

This means that in case of strong localization the mag-

netic field must be strong enough such that Ip < \/E
but weak enough to guarantee (107). Otherwise, one
enters the regime of a strong Zeeman field discussed in
Section IV D.

We note that the additional condition (107) is auto-
matically fulfilled for the case when the Zeeman field is
so weak that the wave function is delocalized in angular
space such that Agp ~ O(1) which happens for g > \/fi
or ft ~ R. In this case, we have considered consistently
all subleading terms ~ 1/R in the surface Hamiltonian,
since the Zeeman term in y-direction gives in second-
order perturbation theory a contribution ~ 1/i% < 1/R2.
In addition, for the opposite case of strong localization
Ay < 1, we show in Section IV F, that the tangential
part of the Zeeman term can be included in the radial
problem and leads only to a change of the normal local-
ization length, without violating the validity regime of
the effective surface Hamiltonian. Therefore, the addi-
tional condition (107) is not very restrictive, and is only
relevant for the study of the extended edge states beyond
the surface gap in the regime of strong localization.

To visualize the emergence of localized states in poten-
tial minima it is instructive to square the surface Hamil-
tonian leading to an effective model of a particle on a
ring in a periodic double sine potential

Pl = (H7 B = =2 92+ V™ (o), (109
where
Vit (@) = (Vit(s0)/ B)’
— S s() F = cos()  (109)

B B



are the two effective surface potentials (with dimension
of energy squared) sketched in Fig. 2 for the two chi-
ral sectors S = —o, = =41, plotted against the surface
line element s; = Ry. As one can see there are two
potential minima for each chiral sector where localized
states are trapped. The potential maximum is given by
1/1%+1/R? which is approximately given by the Zeeman
energy squared for large radius of the surface. This shows
that the potential term opens a surface gap in the effec-
tive edge state Dirac model of the order of the Zeeman
energy with localized and discrete states in the gap and
a continuum of edge states above the surface gap. This
demonstrates the generation of localized bound states via
a 2"d-order mechanism.

As one can see in Fig. 2 the lowest potential minimum
is located at ¢ = 0 for the chiral sector s = land at ¢ =
for s = —1. In this minimum the lowest state is exactly
at zero energy and is non-degenerate for each chiral sec-
tor. In contrast, all higher states are 2-fold degenerate
for each chiral sector. This leads to the supersymmetric
form of the spectrum for each chiral sector separately,
which is consistent with the exact SUSY properties dis-
cussed in Section IIT for the squared Hamiltonian. In
Section VB we will also present the exact SUSY prop-
erties of the periodic Witten model for any smooth and
mirror-symmetric surface.

Using (98) the topological state at zero energy with

chirality S = —o, = 1 follows from

7(0) _50 L (0
Peo=1@ 5 (1) . aw
2, 1 =
E(fzé)@) — zg sin cp] @, 1(p) =0. (111)

The solution of the differential equation is given by (the
superindex indicates the localization at ¢ ~ 0 which cor-
responds to S = 1)

1

2(0) = Jol) = e

(112)

where Ap = iB/\/ﬁ has been defined in (101) and the
normalization factor Ny is defined such that the normal-
ization condition (100) is fulfilled. For Ap <« 1 we find
that the state is localized close to ¢ ~ 0 and, after ex-
panding cos ¢ ~ 1—¢?/2, we find the approximate Gaus-
sian form

1
V2rAp

Obviously, the state for positive chirality S = —¢, = 1
is symmetric in ¢. This gives 0, = —1, P, = 1 and
sz = *£1 for the outer/inner surface according to (83). As
a consequence, the supersymmetry U; 12 = Pp0.8, = F1
according to (61). This leads precisely to the two right
states at the outer and inner surface shown in Fig. 3(a).
The other two states with chirality S = —1 follow from

e~ ile/80)?

fo(p) = (113)
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the application of the inversion symmetry (see Eq. (38))
which, by using —II = Pyo, according to (60), leads to
(here the superindex indicates the localization close to

¢ =~ 7 which corresponds to S = —1)
~(m) 1 1

wt (90’02):](.0(90_7()% 0 ) (114)
1 —=L5cosp

folp—m) = me 28¢ , (115)

N L Hemm/Ae®  (q1g)

V21Ap

These two states at the outer and inner surface are local-
ized close to ¢ ~ mand fulfilo, = 1, P, = 1 and s, = £1,
respectively. This leads to S = —1 and U, /o = +1, cor-
responding to the two left states of Fig. 3(a).

To calculate the excited bound states of Hy we con-
sider the chirality sector S = —o, = 1 and start with
the bound states localized close to ¢ ~ 0. Expanding the
double sine potential Vi () shown in Fig. 2(a) around

v = 0 we get from (109) for Ap = ZNB/\/E <1

Dy oo Oy

Vit (o) = = ot

(117)
where we defined the Witten frequency Qy for the double
sine potential in dimensionless units by

~ 2 2
QW:QW/Eso:f:f*
RAg \/EIB
and $ = ¢/Ap, where Ap = ZB/\/E is the angular
spread defined in (101) and & = RAgp is an estimation
for the tangential localization length according to (102).

This gives for the Hamiltonian (108) of the double sine
model

2
z, 118
&t (118)

- . ~ 1. 1
Hi/{/ = HW|UZI*1 ~ Q%/V (-8?5 + ZSD2 _ 2) , (119)

which is of harmonic oscillator form
Hi, = Q% adla, (120)

with the annihilation/creation operators defined by

a=0;+¢/2 , al=-05+p/2. (121)
As a result, we find the eigenvalues
EV =0%n , n=0,1,2,..., (122)
and the normalized eigenstates
fal) = 5= (@) Fo(), (123)

Vn!

where fo(¢) defined by (113) is the ground state of the
harmonic oscillator.



An analog result is obtained for the states localized
close to the minimum ¢ ~ 7, where we get

Tile) m g—mP+ =L (120

This gives the same eigenstates (123) but the angle is
shifted by 7 and the eigenvalue is shifted by Q2,, com-
pare with Fig. 2. Finally, the eigenstates of the other
chiral sector S = —o, = —1 follow from the ones of
S = —0, = 1 by shifting the angle by 7 and taking the
same eigenvalue.

From all eigenstates of Hyy = (HE /Es,)? one can con-

struct all eigenstates of th which is possible due to chi-
ral symmetry and since the Hamiltonian respects the pe-
riodic boundary conditions. We start with the regime
¢ ~ 0, where we can approximately write for (98) in the
0 ,-basis

(125)

— ~ 0 —ia
+HE /By ~ Quw (mT 0 ) .

Obviously, there is a unique zero energy state given by
(the superindex indicates the regime ¢ ~ 0)

o) =he (1) - a)

which has chirality S = —o, = 1 and agrees with (110)
and (112). The eigenstates with non-zero energy are
given by

+(0) _ i _infnf ((P)
wt,nn«p’(jz) - \/§ ( fn(gpl) )az ’

withn =£1landn =1,2,.... The corresponding energy
eigenvalue of Ht2 / E, follows from

(127)

gr%n = ET%n/ESO = i"] QW \/ﬁ (128)
Here, we note that the first sign 41 refers to the
outer/inner surface (or, equivalently, to the sign of s,
of the normal part of the wave function), and the second
sign 7 refers to the two eigenstates (127) resulting from

the chiral symmetry of I_{tz for each given surface. For
the absolute value of the eigenenergies we get
> ~ 2 2
|67<m =Qwvn==Vn=—=—Vn. (129)
gt Rlp
As expected, the energies scale with the inverse tangen-
tial localization length (the normal localization length &,
given by (97) does not appear since it is of the order
of the spin-orbit length). Furthermore, since only the
squared Hamiltonian is of harmonic oscillator form, they
are proportional to y/n.
For the eigenstates localized close to ¢ ~ 7, we apply
the inversion symmetry II = —Pyo, (see Eq. (60)) to
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(126) and (127). This does not change the energy but
changes the states to

—n 1
B (@, 02) = folo =) (0) (130)
for the zero energy state (which has chirality S = —0, =
—1 and agrees with (114)), and
() 1 Jnlp =) )
3 02) = . 131
#nte =75 (b ), 09

for the states with non-zero energy.

The eigenfunctions with non-zero energy are no longer
eigenstates of the chiral symmetry S = —o, but the
states with different sign of 7 (or different sign for the
energy) are transformed into each other by the chiral
Symimetry

7,(0,7)

7,(0,m)
o = “%tn,—n-

t,nn

(132)

The states are eigenstates of the SUSY operator since the
property fn(—¢) = (=1)"fn(¢) leads to

= (0 = (0
P, = —(-1)" &), (133)
P00 = (—1)" 07 (134)

Using Uy /o = P05, from (61), we get the SUSY eigen-
value u = 5, (—1)"*! and u = s,(—1)" for the states lo-
calized at ¢ ~ 0 and ¢ =~ 7, respectively, where s, = +1
corresponds to the outer/inner surface.

Qualitatively, all our findings are perfectly reproduced
by the numerical calculation of the spectrum of a disc
with radius R = 40 for § = 1 and two values of the
Zeeman energy Ez = 1/4,1/3, as shown in Figs. 9(a,b)
(here we use the tight-binding version described in Ap-
pendix D). Compared to the case of zero Zeeman field
as shown in Fig. 8, the center states behave quite similar
and show a strong dependence on the flux with a very
steep slope. In contrast, for the states at the boundary
of the disc, it can be clearly seen that a surface gap of
the order of the Zeeman energy opens up, in which a set
of bound states with energies on the scale of Qy appear.
The mass term does not induce a splitting of the degen-
erate states at half-integer flux since SUSY protects the
2-fold degeneracy. It rather leads to a level repulsion be-
tween adjacent pairs pushing the states to higher energy.
In contrast, a splitting occurs at integer flux, where the
2-fold degeneracy is not protected at finite Zeeman en-
ergy. The exponential localization of the bound states in
angular space is manifested by the very small band width
as function of the flux, whereas the edge states extended
in angular space with energy close or above the surface
gap have a band width ~ 1/R similar to the case for
zero Zeeman field. This clearly manifests the semiclassi-
cal picture suggested by the double sine potential shown
in Fig. 2, hosting localized states of harmonic oscillator
form in the potential minima. We note that the energy
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FIG. 9. Spectrum (in units of Es,) of a disc with radius R = 40 as function of the deviation f — 1/2 from half-integer flux,
with 6 = 1 and two values of the Zeeman term Ez = 1/i% = (a)1/4, (b)1/3, compare with Fig. 8 for Ez = 0. The surface gap
is set approximately by the Zeeman energy Ez above which the continuum of edge states extended in angular space starts,
compare with the sketch of the double sine potential in Fig. 2. For f = 1/2 all states are 2-fold degenerate due to SUSY with
4 states at zero energy corresponding to two center states and two topological bound states at the disc boundary localized at
@ ~ 0 and ¢ = w. The two center states with a very steep slope have a strong flux dependence since they are very sensitive
to the boundary conditions. In contrast, the two topological states at the outer boundary are localized in angular space and
rather insensitive to the boundary conditions, giving rise to a rather flat dispersion with decreasing slope for increasing Zeeman
field. For increasing Zeeman field, additional discrete edge states localized in angular space at the outer boundary appear in
the surface gap which are labelled by n = 1,2,..., Ng. At f = 1/2, their energy is approximately given by &, = £Qw+/n,

with Qw = 2\/E'Z/R = \/EZ/IO, see Eqgs. (128) and (118). Their number inside the surface gap can be estimated from
Np ~ (E‘Z/QW)2 = RE'Z/4 = IOE'Z, which gives roughly Ng ~ 2 and Np ~ 3 for E; = 1/4 and E; = 1/3, respectively, in
rough agreement with the numerical result. At f = 1/2 these states can be chosen as eigenfunctions of the SUSY operator and
are localized either at ¢ ~ 0 (with SUSY eigenvalue (—1)"™") or at ¢ ~ 7 (with SUSY eigenvalue (—1)"), see Egs. (133) and

(134).

scale Qyy fulfils for VEz > 1/ VR (which is equivalent
tolp < VR or Ap < 1) the relation

1/2
2 Ey N
R (R) 7 (135)

We note that the two inequalities are equivalent since the
ratios are the same
Q E
W02 (136)
2/R Qw

The condition QW < E‘Z ensures that the number
of bound states within the surface gap becomes large,
whereas the relation 2/R < Qu guarantees that the
spacing of the localized bound states within the sur-
face gap is much larger than the spacing 1/R of the ex-
tended states above the surface gap, see also the sketch
of the spectrum in Fig. 1(b). This qualitative tendency
is demonstrated by comparing Fig. 9(a) with Fig. 9(b),
where the Zeeman term increases from E; = 1/4 to
Ez = 1/3. We note that the radius R = 40 used in those
figures is not large enough to fulfil (135) with clearly
separated scales. Therefore, the scaling of the energies
& ~ Quw+/n of the localized bound states with y/n can

not be precisely seen, only the bound state for n = 1 has
approximately the energy Q. The reason is that the
spacing between the levels becomes smaller when their
squared energy is close to the maximum ~ E% of the
double sine potential shown in Fig. 2. Only for Quy sig-
nificantly smaller than E, one can demonstrate the v/n-
scaling, but the huge values of R needed to fulfil this
requirement are outside the scope of the numerical pos-
sibilities.

The particle on a ring in a double sine potential is a
special supersymmetric model in one dimension, occur-
ring here for the special case of a surface in the form of
a ring with a large radius. The analysis will be gener-
alized to any smooth surface in Section V where we will
see that generic periodic Witten models with supersym-
metric properties can be realized.

Furthermore, we note that the two topological bound
states at the inner surface are exactly at zero energy if the
radius R~ of the outer surface tends to infinity. In this
case, the SUSY is unbroken in an exact sense and two
states exactly at zero energy appear in the gap. Since
the degeneracy of these two states follows from SUSY,
they can not split for any radius R< of the inner hole.
Therefore, even for zero hole radius R = 0, the two
center states discussed in Section IV B for zero magnetic



field will remain at zero energy in the presence of a finite
magnetic field.

Concerning the stability of the topological bound
states against deviations from half-integer flux, degener-
ate states at opposite positions of the same surface with
different eigenvalues of Uy, will get coupled and split
for f # 1/2. However, under the condition (103) of small
angular spread, the orbital overlap of the two states is
exponentially small and the splitting is negligible. This
is in contrast to the two zero energy center states at small
hole radius which are unstable against the application of
a flux away from half-filling, see the discussion at the end
of Section IV B.

D. Strong Zeeman field

For a strong Zeeman field, where Ip can approach O(1),
and for the discussion of the crossover to the Weyl phase
with 6 ~ 1/1%, we try to solve the differential equations
(72) again with the help of clearly separated length scales.
Denoting the localization lengths of the topological states
in normal/tangential direction by &, /; (in units of the
spin-orbit length Ay,), we assume

O(1) ~éy <& =RAp=VRIg<R.  (137)
Here, we have assumed that the spread Ay in angular
direction is of the same order as we have found it in
Eq. (101) for the case of a weak Zeeman field, leading to
the same form (102) for the tangential localization length.
This assumption is also fulfilled for the regime iz ~ O(1)
as we will show below. The same holds for the normal
localization length which, however, will get an additional
dependence on the Zeeman field but roughly stays of the
order of the spin-orbit length (except at phase transition
lines where the normal localization length can diverge).
We note that the conditions (137) are equivalent to the
following condition for the magnetic length

% L lp K \/]E,

VR

which can always be fulfilled for large enough radius in
the thermodynamic limit for any size of the Zeeman field.

The condition Ip < \/f{ of strong localization is also
essential for the consistency of the following arguments
to neglect various terms in the differential equations (in
contrast to the previous section where this condition was
not needed). However, we note that this condition is
anyhow essential for the stability of the states against
small deviations from half-integer flux as discussed at
the end of the previous section. Furthermore, we will
discuss at the end of this section that the conclusions for
the existence of zero energy states do not change when

(138)

\/E becomes of the same order or even smaller than [, B.
Assuming in addition (to be checked below) that the
topological states for S = 1 are localized at ¢ ~ 0 (for
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S = —1 we get a localization at ¢ ~ m) as for weak
Zeeman field, we can estimate the various terms in the
differential equations (72) as follows

1 1 1 1
6’7’\47'\*0(1) 5 ja ~ = Y — (139)
gn r ’ ft \/EZB
2
icosgpzi—{—O A~7<p :~1+O(1~>, (140)
% 1% 1% 1% R
1. Ap 1
g sin @ ~ B ~ \/EZB . (141)

Neglecting consistently all terms of O(1/R) and keeping

only those of O(1) and O(l/\/ﬁ)7 the differential equa-
tions (72) can be approximated by

. 7 (uw . T(u)\ A~ u 27/“ ~ u
(=i — K)(—idr — BSRE™ = ﬂ:E%Xf ),

(142)
where
X (7, 0) = 387, 0) fol ). (143)

Ry = iu 6 — 1 — /i3,
, = |1 foréd>14u/i2
=iut/|6—1—u/l}| < - B
Bl Yiu for 6 < 1+wu/l%
(144)

and fo(p) has been defined in (112) which can be ap-
proximated by the Gaussian form (113) for Ay < 1.

The differential equations (142) can be solved exactly
by a ¢-independent function for )A(f)
(u)

and a linear depen-

dence on ¢ for y

0 = ) = (/A0 K(F).

(145)
The linear dependence for )A((f) on ¢ is needed to fulfil the
antisymmetry property (70). We disregard here the fact
that the linear function is not periodic since the angular

spread is assumed to be very small. For )Z(iu)n we find two

solutions. The first one is obtained by setting )Z(_u)n =0
and solving
(—ir — k") (—i0r — k)R, = 0.

,N

(146)

Up to a normalization constant, the solution of this dif-
ferential equation with zero boundary condition at 7 = R
is given by

eikg“)(f—é) _ eu;;“>(f—é)

() ~ . (147)

which is only a valid solution for the inner/outer surface
if both I;:Y;)Q have the same positive/negative sign for the



imaginary part, respectively. Using (144) this is only the
case for

6> u/l% (148)
and u = =£1 corresponds to states localized at the in-
ner/outer surface, respectively. As a consequence, we
find for § > 1/1% a state with chirality s = 1 and SUSY
u = 1 at the inner surface, and for § > —1/1% a state
with chirality s = 1 and SUSY u = —1 at the outer sur-
face, both localized at ¢ ~ 0. This is consistent with
Fig. 3, where we see that the zero energy state at the
outer surface persists in the Weyl phase whereas the one
at the inner surface disappears (and is replaced by an-
other anti-symmetric one at the outer surface, see below
for the second solution of the differential equations). In-
serting (144), we can write the two solutions also as

1 ouli-R)

for 6 > 1+ u/l%
Slnh[ )( )} for u/l% <6 < 14 u/l%

(149)
with
¢ =16 —1—u/i3]'?, (150)
and the normalization factor
—1—u/l
v — 8= 1= u/l) , (151)

40 — u/1%]

to get + fR dr|x(i)( 7)|? = 1/As0, due to the radial part
of the normalization condition (71). These two states are
consistent with the corresponding ones for weak Zeeman
field in the gapped phase, compare with Eq. (83). How-
ever, for strong Zeeman field, one obtains a significant
dependence of the normal localization lengths &5 (la-
belled by chirality s and SUSY u) on the Zeeman field,
in contrast to the form (97) for weak Zeeman field. For
the state at the inner surface with s =1 and v =1 (only
present for 6 > 1 /ZN% in the gapped phase) we get (the
same holds for s = —1 and uw = —1 since it results from
applying inversion symmetry according to (38))

1 1 B
? = ~7(l11) ET(L—1,—1) -

1 for 6 > 1+1/1%

{1—\/1+1/z?3—8 for 1)1 <6 <1+1/1%

(152)

Atd=1 / l~2B the normal localization length diverges and
the states move over to the outer surface (see below).
For the state at the outer surface with s =1 and u = —1
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(present for 6> —1 /l% both in the gapped and in the
Weyl phase) we find (the same for s = —1 and u = 1)
1 1 1

A S

_{1 for 6 >1—1/I%

1—y/1-1/13 -5 for —1/I <d<1-1/1}

(153)

For this state the localization length diverges for 6 =
—1/1% at the crossover from the Weyl phase to the non-
topological gapped phase, where all topological states
disappear. In particular the dependence of the normal
localization length of the state at the inner surface on
the Zeeman field is quite useful since it allows for a tun-
ability of the interaction between two topological states
localized at different holes, possibly of interest for topo-
logical engineering, see the discussion in Section VIB.
The second possibility to solve the differential equa-
tions (142) is to take a finite anti-symmetric part

- )( L) = gox(u)n( ) which, due to J,x} ¢ = 0, has
to fulﬁl

(=i0r — B ") (—ios — kS )", =0, (154)

In addition, the second equation of (142) requires

7.(u . Z.(u)y ~(u . 2 ~(u
(=i = B) (=0 = Kg7)8 = iz X, (15)
Whereas (154) can be solved analog to (147) by
( ) () ~ ez‘l’%i‘“)(f—ﬁz) _ eiz%g‘“)(f—ﬁa) (156)

the solution of (155) is more subtle. Since )2(7)71 contains

two exponentials involving l%ﬁ;“), the same must hold

for )A(Sf)n However, if only those two exponentials were
o (u)

present for X} ;,, zero boundary conditions at 7 = R

require the same form (156) for both X(u) which does

not solve Eq. (155). Therefore, a third exponential is
()

needed for Yy, which does not contribute to (155), i.e

involves either l%g") or l;éu) Since all three exponentials

must decay, we need that the imaginary parts of all three

momenta involved in XS— ),L must have the same sign for

the imaginary part. Usmg

for & > u/l%

N 72 (157)
§ <u/l}

P 1
51gnlmkl/2 {:I:l for

we find that this is only possible in the Weyl phase

0] < 1/1% (158)

by choosing three exponentials involving 1%721 ) and lzzél),
where all three imaginary parts of the momenta are neg-

ative, corresponding to a state at the outer surface with



s =1and u = 1. The solution for )A(S_l) solving (155) and

,n

fulfilling zero boundary conditions is then given by

Xil)n(f) ~ €1 (ei;;g*%_fe) _ euzQ)(f_R))
oy (BB _ BTEERY)  (159)
with
(k) = B Ry = k)er o = iz% . (160)

Since both ¢y /5 ~ 1/R we can neglect )A((j) ~ 1/R com-

pared to Y ~ Ap ~ ZNB/\/E for ip > 1/\/§ There-

fore, although )A((j) is important for the discussion of the

existence of a solution, it can be neglected finally. What
remains is the state )29?71 which, according to (156), is
given by the state (149) with u = —1

(1) /= o(=1) /= 7 =

RU() = %5 () 61/T — 16)
with the additional constraint that we are in the Weyl
phase. This gives for the normal localization length of
the antisymmetric state at the outer surface in the Weyl
phase the result

(161)

1

~(antisymm) =
&n

for 1/1% >0 >1-1/1%

1
:{1—\/1—1/@29—5 for — 1/ <d<1-1/ "

(162)

which is identical to the normal localization length {;:,f of
the states at the outer surface with s =1 and u = —1 or
s=—1and u =1, see Eq. (153).

The existence of two additional anti-symmetric states
with s = u = £1 at the outer surface in the Weyl phase
is quite special. As sketched in Fig. 3 these states have
a strong orbital overlap with the states s = —u = £1.
This makes these states rather unstable against small
perturbations violating chiral symmetry and SUSY (such
that states with the same chirality and different SUSY
eigenvalues can be coupled via the Hamiltonian). There-
fore, although the Weyl phase is a regime of theoretical
interest, concerning applications one should study the
gapped topological phase § > 1/1%, where all topologi-
cal states are localized at clearly separated positions for
Ap =lg/ V'R < 1 such that weak perturbations violat-
ing symmetries have only an exponentially small effect,
see also the discussion in Section VIA.

Finally, we comment on the case when the Zeeman
field is very weak such that V'R becomes of the same
order or even much smaller than the magnetic length Ip.
Since this happens first for the inner surface R = R,
we discuss the case for a hole in an infinite system. For

\/E < Ip < é, we can still neglect the terms ~ 1/1:22 in
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the differential equations but can no longer expand the
term ~ (u/l%) cos ¢ around ¢ = 0 since Ap ~ O(1). As
a result, one obtains precisely the same differential equa-
tions (142) but l::i%(go) obtains an angular dependence
via

l%%%(go) = iu+ \/5 —1— (u/l%)cosp.

(163)
This has the consequence that we find the same zero en-
ergy solution (147) (up to the angular dependence via
1551;)2(90)) on the hole surface (i.e., u = 1) provided that
the condition

~ 1

0> = cosyp (164)

%

is fulfilled, compare with Eq. (148). In the TP 6 > 1/I%
this is fulfilled for all angles and we obtain a zero energy
solution on the hole surface. In the NTP § < —1/i%,
this condition can never be fulfilled and no zero energy
solution can exist. Finally, in the WP [§| < 1/I%, the
condition can be only fulfilled for a certain angle in-
terval but there is always a critical angle defined by
§ = (1/1%) cos ¢., where the normal localization length
tends to infinity. Therefore, for all angles with || < ||,
a localized solution does not exist and the state is not a
true bound state but belongs to the bulk spectrum. As a
consequence, zero energy topological states can not exist
on the inner surface in the WP for any size of the Zeeman
field.

That a zero energy topological state can not exist in
the WP on the hole surface can also be derived in an
alternative and rigorous way for any hole radius. First of
all we know that any outer surface infinitely away from
the hole will host four zero energy states in the WP as
\/Rs> > Ip.
Since these states do not _care about the size of the inner
surface (provided that Rs — R. > 1 is not violated),
it is impossible that by reducing the inner radius ]:2<
two of the outer states move to the inner surface. In
addition, we have shown that the inner surface does not
host any zero energy state in the WP for large enough

derived above for large enough outer radius

inner radius \/ R > I5. For these two reasons, the hole
surface will not host zero energy states when reducing
the inner radius, even not for the extreme case R = 0.
Vice versa one can also argue that if two zero energy
states exist at the inner surface for small enough radius
then they can not go away by increasing R since SUSY
and chiral symmetry do not allow for a splitting of the
two states. This leads to a contradiction since, for large

\/E > Iz, they must go away as derived
above. Indeed, in the SM [49] we show numerical results
for center states at zero hole radius R = 0 as function of
the outer radius R~ in the Weyl phase at weak Zeeman
field where we confirm that the center states with s =
u = 1 move indeed to the outer surface if the radius

enough radius
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FIG. 10. (a) The topological states > [Vsu(E,§;02,5:)|% as function of & = x/Aso and § = y/Aso in continuum numerics

for a disc with radius R> = 30, iz = 2, and various values of . Two upper panels of (b): A comparison of the continuum
numerics for R~ = 30, § = 1 and Ip = 2 to the analytical result (169) for s = 1 and u = —1 at the outer surface in the TP.
Two lower panels of (b): A comparison of the tight-binding numerics for R =60, 6 = 0 and [p = 2 to the analytical result
(171) for s =1 and u = 1 at the outer surface in the WP. In the two left panels we show various cuts for fixed ¢ as function
of R~ — 7 and use the normalization to F7 () as given by Eq. (170) and (172) for the upper/lower panel. In the two right

panels, we show various cuts for fixed 7 as function of ¢ and use the normalization to |)ZS_771L)(7")|2 as given by Eq. (149). The
black solid lines in the left/right panels are the theoretical results for the radial/angular part to which all cuts should collapse.

Rs is large enough such that y/ R exceeds significantly

lB.

E. Summary for topological states and numerical
results

To summarize the results of the previous section, we

have found under the condition 1/ \/}_? <lp < \/E the
following zero energy topological states with chirality s
and SUSY u

1 _
WUWstu,

where the transformations U, W and X are given by
(49), (50) and (51), respectively. A sign change of s and
u corresponds in the transformed basis to a sign change
of x and o,

Ysu = (165)

w—s,—u(ﬁw;az,sz) = &su(ﬁ‘ﬂ‘kﬂ; _Uzasz) . (166)

Defining the normal part of the transformed wave func-
tion at the inner/outer surface by )Zfi)(f), as given by

Eq. (149), we find in the TP for s = 1 two states localized
at the inner/outer surface close to ¢ =~ 0

- . 0 1 1
wl,:l:l(ragovo—zﬂsz) - ( 1 )az ﬁ (:Fl )sz

(1) 1 —1(p/Apg)?
e O A T

(167)

with Ago§ = ZB/\/Rg. The corresponding states with
chirality s = —1 localized close to ¢ =~ m follow from
(166). In the WP, the two states at the outer surface with
s = —u = £1 remain, but the states at the inner surface
with s = u = £1 are replaced by the two antisymmetric
states in angular space at the outer surface

1/_111(7:,90;0'z,3z): (2) %(1)

PIAP>  i(p/aps)?

x ) ()
T 2m) A(Ags )12

(168)

together with 1/)—1,—1(7:7 P50z, SZ) = 1/}11(7:3 30+7Tv —0z, Sz)
according to (166).

In continuum numerics the topological states g, in
the transformed basis are shown in Fig. 10(a) for a disc



with no hole and radius Rs = 30 at half-integer flux
both in the TP and WP for various values of 6 and fixed
lp = 2. Since the spinor structure agrees perfectly with
the theoretical results we show only the square of the
wave function averaged over the spinor labels. In the TP
this gives from (167) for the states with s = 1 at the
inner/outer surface

— - ~ :t -~ <
N s (Fpio sl = [R5 PP FE(9) . (169)

Fs e 3(e/aes) 170
7o) = (@m)PAgs (170)
In the WP, we get the same result for v = —1 at the

outer surface but, for u = 1, we have to use the result
(168) for the antisymmetric state at the outer surface

3 (i) = R PP F2(9),  (171)

Oz:8z

FZ(p) = (p/Aps)? F7 (9) .

A comparison of the analytical and numerical results
for the topological states is shown in Fig. 10(b). The
agreement is quite satisfactory although the condition

1/VR < Iz < VR is only approximately fulfilled. The
analytical results predict a factorization in the thermo-
dynamic limit into a radial and angular part. Therefore,
one expects the numerical result to be approximately in-
dependent of ¢ /7 when normalizing to the angular /radial
part (as shown in the left/right panels of Fig. 10(b)).
This is confirmed in the two upper panels of Fig. 10(b)
for the state 1[)1,,1 in the TP for 6 = 1 and Iz = 2.
One can see that all cuts of the left/right panel at fixed
/7 fall almost on top of each other and agree with the
theoretical results. For this comparison we used the con-
tinuum numerics and found already a good agreement for
a rather small disc radius R~ = 30. For the antisymmet-
ric state 1&1,1 in the WP for § =0 and Ig = 2 we needed
a larger radius R> = 60 to find a good agreement, see
the two lower panels of Fig. 10(b). These data have been
obtained by using the tight-binding numerics. In the SM
[49] we consider also a Corbino disc with outer radius
R> = 45 and hole radius ]:2< = 20 by using the tight-
binding numerics and find in the TP in addition a good
agreement of the numerical and analytical results for the
states at the inner surface.

Concerning the spinor dependence of the topological
states we see from the above formulas that the states at
the outer/inner surface for chirality s have the following
spinor dependence in the transformed basis

(172)

0, =—S5 , 8y==l. (173)
In the original basis, this means by reversing the unitary
trafos U, X, and W, as defined in Egs. (53), (54) and
(55), that we get a strong correlation between the spin

and orbital part of the spinor degrees of freedom given
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by

8, =50, , Sp==x0y, (174)

where s, = e, - s denotes the spin in radial direction.

F. Validity range of effective surface Hamiltonian

In this subsection we extend the validity range of the
effective surface Hamiltonian (98) derived in Section IV C
for the case of weak Zeeman field to the same regime
(138) we used in Section IVD to discuss the topolog-
ical states at strong Zeeman field. Besides the condi-
tion (138), we assume in addition that the surface gap
Agurface = Fz is below or of the order of the bulk gap,
such that the complete parameter regime is defined by

L i< VR |

VR

In this regime, we aim at calculating all localized bound
states well below the surface gap which have an energy
of the order of the Witten frequency

Ez < Apu - (175)

~ 2 ~
Ow == =2E;00p < Ez < Apux,

t

(176)

which is well below the bulk gap, such that first order
perturbation theory will be sufficient to treat the angular
part of the Hamiltonian.

To derive the effective surface Hamiltonian, it is needed
to treat the normal component of the Zeeman term

Hz./Es = oyszEZ sing ~ EZAcp (177)

as a perturbation on the same footing as the angular part
of the spin-orbit interaction which is ~ 1/(RAp) ~ 1/&,.
This requires
1 .
«ST =FEzAp < 1. (178)
t

On the other hand, the tangential component of the Zee-
man term is given by

Hz1/Eso = 0ys,Ez cosp

= m:UySyEz + O(EZAQOQ) ) (179)
where 1, = =£1 if one considers the bound states lo-
calized around ¢ = 0,7, respectively. It can be ap-

proximated by the first leading term for strong local-
ization since the correction is of order EzAp? ~ 1/R
and negligible against the other terms of the surface
Hamiltonian. Taking the leading term together with
the normal part of the Hamiltonian, we can split the
Hamiltonian ﬁl/Q ~ H, + H,; into a normal and tan-
gential part, thereby including consistently all terms of

order H,/Ey ~ O(1) and Hy/Es ~ O(1/VR), see



the detailed discussion in Egs. (139-141). According to
Egs. (91) and (98) we obtain

Hy/Eso = 0,{(—0% — 8)s. + 2i0rsy } +np0ys,Ez
- am{ [—83 — (6 + WSIS*EZ)} 55 + 2¢afsy} . (180)

_ 2 -
Hi/Ey = sx{aggﬁ(—@) +oyEzsing}, (181)

where S = —o, is the chiral symmetry in transformed
basis (see Eq. (59)), and we still include s, in H; at this
stage (like it occurs in the Hamiltonian).

Since H; is an order 1/ 5} smaller than H,,, we first solve
for the boundary states of H,. It has the same form as
the normal Hamiltonian (91) without Zeeman field, but
the band inversion parameter is shifted by

6 =0+ ny5.5E7. (182)
As a consequence, for § > Ez, we find the same two
zero-energy boundary states of H, with chirality s =
—o0, = £1 and polarization s, = %1 for the states at the

outer/inner surface, with a wave function given analog
to (83) and (84) by

Galhons) =2 (L) 307 B2,
’ (183)

with

ég,s(ﬂ =&, (F)|55+s neEz - (184)

This leads precisely to the two different normal localiza-
tion lengths f,%, as given by Egs. (153) and (152) for the
boundary states at the outer/inner surface in the topo-
logical phase, respectively.

In the next step one considers H; as a perturbation to
calculate all localized bound states with energies of the
order of the Witten frequency which is much smaller than
the bulk gap according to Eq. (176), such that first order
perturbation theory is sufficient. Due to chiral symmetry,
only the nondiagonal matrix element

Hirtace/ Bro = (05 o | He/ Bxoltly )

surface

2 -
=42 {azE(—if}‘@) +oyEzsing} (185)

enters for the effective surface Hamiltonian, where we
have inserted the polarization s, = 41 of the bound
states at the outer/inner surface and defined the matrix
element

AT = (@F 97 L),

n,—s

(186)

which is independent of s = +1 and only rescales the
Witten frequency. As a consequence, up to this triv-
ial rescaling factor, we obtain the same effective surface
Hamiltonian as for weak Zeeman field.
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FIG. 11. The phase diagram at half-integer flux f = 1/2 in
terms of the Witten index nw counting the number of zero
energy topological states for (a) a hole with radius R< in an
infinite system and (b) a Corbino disc with outer/inner radius
R>.

In summary, we have found that the universal low-
energy theory in terms of the effective surface Hamilto-
nian (185) can be used for the calculation of all localized
bound states well below the surface gap, provided that
the two conditions stated in (175) are fulfilled. We em-
phasize that these conditions can be easily fulfilled by
choosing the radius R large enough and by staying not
too close to the phase transition. Therefore, the univer-
sal low-energy model can be used for arbitrary spin-orbit
interaction, even including the regime of weak spin-orbit
FEy < Ez or A\ > lp.

G. Phase diagram and comparison to numerical
results

In this section we state the phase diagram in terms
of the Witten index based on the analytical results of
Section IV A, together with a comparison to numerical
results. Here, the Witten index ny, denotes the number
of zero energy states or, to be more general for a large but
finite system, counts the number of states with exponen-
tially small energies which tend to zero when increasing
the system size (see the discussion at the end of Sec-
tion IIT). Moreover, in the Weyl phase, where the bulk
gap is zero, we count only topological bound states at
zero energy but not a possible bulk state at zero energy.
The Witten index is a standard index in supersymmetric
systems distinguishing broken from unbroken SUSY, see
e.g. Refs. 37-39, playing here the role of the topological
invariant in the presence of SUSY.

We discuss here the most interesting case close to the
SUSY point of half-integer flux f = 1/2 and the case of
a Corbino disc with outer/inner radius & = R (with

R- — R. > 1) in the regime where the magnetic length
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(b)

FIG. 12. Numerical results in tight-binding for the absolute value |€g| = |€o|/Fso in logarithmic color scale of the lowest absolute
energy |eo| in units of the spin-orbit energy Eso as function of 6 and magnetic length I5. We consider half-integer flux f =1 /2
and a Corbino disc with outer radius R~ = 30 and inner radius given by (a) R< = 10 (left figure) and (b) R< = 0 (right
figure). The dotted red line indicates the line b=1-1 / 1% above which the energy is approximately a constant since the normal
localization length én ~ O(1) of the states at the outer surface does not vary in this regime, see (153). In the region below this
line the energy and the normal localization length are approximately a constant in the TP and WP along the lines b=c—1 / %
with some constant 0 < ¢ < 1. For decreasing c¢ the energy becomes larger since the normal localization length increases, see
(153). The deformation of these lines when crossing from the TP to the WP phase results from an increased distance between
the hybridizing states since two of the states at the inner surface move to the outer surface in the WP. In the NTP there are
no localized bound states and the energy is of the order of the bulk gap. When the radius of the inner surface decreases (right
figure), the qualitative features remain the same but one obtains an overall decrease of the energies since the distance of the
hybridizing states increases.
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FIG. 13. The same as Fig. 12 but for the second-lowest absolute energy |€1| in non-logarithmic scale. Roughly, this energy

scales with 1/ (\/E I5) according to (129) in the TP, has a significantly smaller value in the ungapped WP, and is almost
constant of the order of the bulk gap in the NTP.

the tangential localization length is much smaller than
the circumference (i.e., small angular spread, the second
condition I < R). As a result, the topological bound

fulfils the condition (138)

1

_<iz< VR (187)

VR

for both R = R- and R = R.. As discussed in Sec-
tion IV D this is a well-defined limit for large R where
the tangential localization length is much larger than the

normal one (the first condition 1/ VR« p) and where

states are well-localized at the positions shown in Fig. 3
with an exponentially small overlap, leading to stability
against small deviations from half-integer flux or other
small perturbations violating chiral symmetry or SUSY
(like, e.g., weak disorder), see the detailed discussion in



Section VIA.

A sketch of the phase diagram is shown in Fig. 11 for
(a) a hole in an infinite system (i.e., infinite outer radius
R~ = 00) and (b) a Corbino disc. For a hole in an infinite
system we find two topological bound states (ny = 2)
in the topological gapped phase (TP) and no topological
bound states (nw = 0) in the Weyl phase (WP) and
the non-topological gapped phase (NTP). The normal
localization length &, of the two states in the TP is given
by (152) which diverges at the crossover line 6 = 1/1%
between TP and WP. For a Corbino disc, two additional
topological bound states appear in the TP at the outer
surface (nw = 4). Their &, is given by (153) which does
not diverge at the crossover to the WP phase. These two
topological bound states persist in the WP and disappear
with a diverging &, at the crossover between WP and
NTP. In addition, two further topological states with the
same &, appear in the WP at the outer surface (such that
nw = 4 in the WP). They are special in the sense that
their én does not diverge at the crossover between WP
and TP but they disappear in the TP at the outer surface
and are replaced by the two topological states at the
inner surface which have a diverging &,, at the crossover.
Thus, at the crossover between TP and WP, two of the
topological states change their position (from inner to
outer surface) and change from a diverging to a finite
&,. Up to our knowledge this has not been found for any
other topological system and seems to be a special feature
generated at the crossover between a gapped topological
and a gapless Weyl phase.

In Fig. 12(a) we show the numerical results for the
phase diagram for a Corbino disc with outer radius
R~ = 30 and inner radius R = 10. To exhibit the
different phase regions we plot in logarithmic scale the
lowest absolute energy |€y| = |€o|/Eso. Due to chiral sym-
metry and SUSY this energy corresponds to four states
consisting of two pairs, one at positive and one at nega-
tive energy with the same absolute value. The splitting
occurs since two topological states with different chiral
symmetry and the same SUSY can hybridize for a fi-
nite system, leading to an exponentially small splitting
of the energy. In the TP phase this splitting occurs be-
tween the right (left) states at the outer surface with
s=—-u=1 (s =—u = —1) and the left (right) states
at the inner surface with s = u = —1 (s = v = 1),
see Fig. 3. The size of the splitting depends on the two
normal localization lengths &, of the two states which hy-
bridize and is expected to be exponentially small roughly
~ e~ (F>=H<)/&  Since the two hybridizing states appear
at opposite angles of the two surfaces and since the an-
gular spread is small, the &, of the states at the outer
surface will dominate the orbital overlap and the split-
ting. This is reflected in the TP of Fig. 12(a) where the
logarithm In || of the lowest absolute energy follows the
size of —1 /én of the states at the outer surface as given
by (153): (1) in the region 6 > 1 — 1/I% both the small-
est energy and &, are approximately constant; (2) in the
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region l/l% <d<1-— l/l%, the lowest energy and &, are
approximately a constant in the TP and WP on the same
lines 6 = 1—1/1%3+c with 0 < ¢ < 1. In the WP all topo-
logical states appear at the outer surface with the same
&, Since the hybridizing states are localized at opposite
angles of the outer surface their orbital overlap is reduced
compared to the TP since their distance increases from
R~ — R. to 2R~. As a consequence, the energy split-
ting reduces in the WP which can be seen in Fig. 12(a)
by a deformation of the lines of constant energy at the
crossover from TP to WP. In the NTP no topological
bound states and no edge states appear in the gap and
the lowest energy becomes of the order of the bulk gap,
consistent with Fig. 12(a). In Fig. 12(b) we show the
same but for zero hole radius R = 0. Qualitatively the
same considerations apply, leading to the same results,
only the size of the lowest energy is slightly reduced in
the TP since the center states are farer away from the
boundary of the disc.

In Fig. 13(a,b) we show the same for the second-lowest
absolute energy |€1]. In contrast to the lowest one it re-
veals clearly both the phase transition line from TP to
WP and from WP to NTP. Deep in the TP for weak Zee-

man field, it is approximately given by |é;| & 2/(\/?523),
see Eq. (129). Therefore, it is expected to decrease

with increasing magnetic length and to scale with 1/ \/E,
roughly consistent with Fig. (13). In contrast, in the WP,
there is no bulk gap and therefore the second-lowest en-
ergy will drastically decrease, possibly consisting of bulk
states. In the gapped NTP, there are no states in the
bulk gap, and therefore the second-lowest energy behaves
similar to the lowest one.

V. PERIODIC WITTEN MODELS

In this section we will generalize the derivation of ef-
fective surface Hamiltonians for a Corbino disc in Sec-
tion IV C to the case of generic smooth surfaces. We
characterize the smoothness by the local curvature ra-
dius R (either for the outer or inner surface) and, in
analogy to the condition (89) for a Corbino disc, assume
the curvature radius to be much larger than the spin-
orbit length

R>1. (188)

In addition, as in Section IV D, we consider weak mag-
netic fields deep in the TP
5> 1/1%.

%>1 (189)

Under these conditions we will show that the whole
generic class of periodic Witten models can be realized
for the effective surface Hamiltonian, where the surface
potential is again characterized by the normal compo-
nent of the magnetic field to the surface. We outline in
Section V A the derivation of the effective surface Hamil-
tonian and state the central result. In Section VB we



will exhibit the SUSY properties of the periodic Witten
model together with an explicit analytical expression for
the wave functions of the zero energy topological states
for any shape of a smooth surface. In Section V C we will
generically show how all eigenstates of the Hamiltonian
can be determined from the ones of the Witten model
and we will present a semiclassical analysis to calculate
all localized bound states of the Witten model in the
case when the tangential localization length &; is much
smaller than the circumference of the surface. Finally, in
Section VD we demonstrate our analytical results by a
comparison to a numerical tight-binding calculation for
a surface of peanut shape.

Analog to Section IVF, we note that the derivation
of the effective surface Hamiltonian can be extended to
the regime defined by (175) if one is only interested in
the calculation of the localized bound states below the
surface gap in the case of strong localization. This holds
also for generic smooth surfaces, and shows the wide ap-
plicability regime of the universal low-energy theory.

A. Derivation of periodic Witten models

In this subsection we will outline the derivation of the
effective surface Hamiltonian describing only the edge
states at the boundary of the system. We summarize
here the essential steps and state the final result together
with the validity range of the derivation.

To describe arbitrary surfaces it is convenient to in-
troduce orthogonal coordinates (g, ), where ¢ denotes
the coordinate normal to the surface (with dimension
of length) and A is a dimensionless angle variable, see
Fig. 14. We do not assume at this stage that the sur-
face is mirror-symmetric since this is not essential for
the derivation of the effective surface Hamiltonian. For
convenience, we will take half-integer flux f = 1/2 since
a flux deviating from 1/2 will only change the boundary
conditions for the states of the effective surface Hamilto-
nian. The two surfaces of the system describing the inner
and outer surface are then given by the conditions ¢ = g«
and ¢ = ¢~, respectively, such that the system is present
in the regime ¢g- < q < ¢~ and all \. The orthogonal
coordinates are fully characterized by the relation

dx = hpendq + hped), (190)
where h,,; > 0 are the Lame coefficients, and the or-
thogonal unit vectors e,, and e; are directed normal and
tangential to the surface and point in the direction of

increasing q or A, respectively, see Fig. 14. It is also
convenient to introduce the line elements
dsg = hedX ,  ds, = h,dg (191)

along the lines where ¢ = const or A\ = const, respec-
tively. The Lame coeflicient h,, is dimensionless and h;
is proportional to a typical length scale such that, for a
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FIG. 14. Definition of generic shapes of an area A via or-
thogonal coordinates (g, A). The area is defined in the region
g< < q < g>. The inner and outer boundaries are defined
by ¢(x) = g< and ¢(x) = g¢-, respectively. The coordinate
along a closed surface is denoted by 0 < A < A with periodic
boundary conditions. The origin x = 0 corresponds to g = 0.
The two unit vectors e,, and e; are orthogonal and tangential
to the surfaces ¢ = const, respectively. Whereas ¢ is the po-
lar angle of x = r(cos p, sin ¢), the angle ¥ denotes the angle
between e,, and the z-axis, i.e., e,e; = cos ¥ or e e, = sin .
The arc length 0 < s; < L along a surface ¢ = const is defined
by dst/d\ = |dx/d\|, measured in counterclockwise direction
with reference point s; = 0 chosen on the positive z-axis.

given surface ¢ = const, we get the order of magnitude
hn~O() , h:~R. (192)

The length scale R plays a very important role and is
assumed here to be at the same time the typical length
scale on which the Lame coefficients vary on a given sur-
face
1

aqhn,if ~ Ehn,t ) a)\hn,t ~ hn,t . (193)
This means that the local curvature of the surface, de-
fined by

1

1
Rt = fenastet = Baqht ~ O(*) 5

D = hyhy,
R t

(194)

is proportional to the inverse of this length scale, i.e., we
can define R as the local curvature radius of the surface.
Although this length scale can vary along the surface we
assume that R defines a lower bound for the curvature
radius. We note the quantization rule of the total curva-
ture when integrating the local curvature along the whole

surface
f dSt Ry = 27T, (195)
g=const
which follows from the relation
ke = 0g,0, (196)



where 4 is the angle of the vector e,, normal to the surface
and the z-axis, see Fig. 14.

In (194) we also introduced the symbol D ~ O(R)
which is the transformation coefficient between the area
elements in cartesian and orthogonal coordinates

drdy = Ddgd\. (197)

To write the Hamiltonian in orthogonal coordinates, it
is convenient to use an analog transformation (48) as for
the Corbino disc
(198)

_ 1
)5 :XTWTUT\/EHl/QﬁUWX,

with the only difference that r is replaced by D, and the
transformation U is defined by

U=ei29eiass (199)

where ¢ is the polar angle. This guarantees that the

normalization is given by

q>
/ dg 7{ d\
q<

Z 1/7}((]7)\§0'z752)‘2:1a

0,,8,=%

(200)

,31

H1/2/Es0—aac{ (jh?

4
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and U eliminates the half-integer flux and rotates the spin
to the local frame of the unit vectors e, and e;, defin-
ing the directions normal and tangential to the surface,
respectively.

For the special case of a mirror-symmetric surface, we
note the following properties for the transformation of
the angle 9 under a sign change of x or ¢

VI I JE N (201)

This has the consequence that the chiral symmetry, the
inversion symmetry, and SUSY are given by Eqgs. (59-
61), just as in the case of the Corbino disc after applying
transformation (198).

After a lengthy calculation we find for the transformed
Hamiltonian in orthogonal coordinates and dimensionless
units

1. 1,0 g = < 1 R Fn
8@ 7(9)\%6)\ + 7(/4/71 +fit) +V* o — 5 ({ilt,'l,a)\} — {hn,laq}>‘| Sz

1 1 1
+ [{~, —10x}Sg — {+—, —ic‘)q}sy} } + 0y =(s; sin? + s, cosv), (202)

hy ho, 1%

where {-,-} denotes the anticommutator and we defined
1 1 hy hy 1 1
\%4 2m\/5 (3qhn8q+8A Iy (9,\) \/B O(mRz), (203)
1 1

n — —€tUs,Cn = 73 hn ~ - 204
K €0, € Da,\ O(R) (204)

together with the dimensionless quantities § = ¢/Aso, Rnyt =

coefficient h, is already dimensionless).

To derive the effective surface Hamiltonian for the edge
states it is important that one can separate the solution
for the normal and tangential part of the edges. The
particle on a ring in a double sine potential is a spe-
cial supersymmetric model in one dimension, occurring
here for the special case of a surface in the form of a
ring with a large radius. The analysis will be generalized
to any smooth surface in Section V where we will see
that generic periodic Witten models with supersymmet-
ric properties can be realized.

Furthermore, we note that the two topological bound
states at the inner surface are exactly at zero energy if the
radius R~ of the outer surface tends to infinity. In this

K.t Asos hy = hi/Xso, and VvV = V/Eso (the Lame

(

case, the SUSY is unbroken in an exact sense and two
states exactly at zero energy appear in the gap. Since
the degeneracy of these two states follows from SUSY,
they can not split for any radius R« of the inner hole.
Therefore, even for zero hole radius R = 0, the two
center states discussed in Section IV B for zero magnetic
field will remain at zero energy in the presence of a finite
magnetic field.

We now want to briefly discuss the stability of the topo-
logical bound states against deviations from half-integer
flux. For f # 1/2 degenerate states at opposite posi-
tions of the same surface with different eigenvalues of
Uy 2 will get coupled and split. However, under the con-



dition (103) of small angular spread, the orbital overlap
of the two states is exponentially small and the splitting is
negligible. This is in contrast to the two zero energy cen-
ter states at small hole radius which are unstable against
the application of a flux away from half-filling, see the
discussion at the end of Section IV B. tate wave function.
As for the Corbino disc in Section IV C this is possible
when the typical localization length &, of the edge states
in normal direction is much smaller than all other char-
acteristic length scales of the system. In units of the spin
orbit length this means
&n <&, lp, R, (205)
where §~t denotes the localization length of the edge states
in tangential direction. Below we will show that both &,
and & are given by the same order as for the Corbino
disc (with R replaced by the curvature radius)
&~o() , &~IpVE. (206)
Therefore, the condition (205) is fulfilled if iz, R > 1.
Based on the estimates (192), (193), (194), (203), and
(204), we can now determine the leading O(1) and sub-
leading O(1/&;) terms of the Hamiltonian to split the
edge state wave functions in a normal and tangential one.
Thereby we use in addition the property

1 1 1 1
78@ ~ = 5 73,\ ~ =,
h” gn ht gt

in case the differential operators act on the edge state
wave function (and not on hy or hy). Together with (206)
we then get in leading order for the effective Hamiltonian
in normal direction

(207)

_ 1 < 1 .
H,/Es = 04 |:(_8<7 h2 05 — 6)s. — {hiﬁ _Zaﬁ}sy:|

~ o, {(fﬁgn —8)s. + 21’5’5,1,53/)} )

(208)

where 3,(\) = ¢/hi (), with 7 (A) = hn(gz, ), is the
coordinate of the line element in normal direction involv-
ing the Lame coefficient h,, projected on the considered
outer or inner surface ¢ = ¢g>. This is justified for all
edge states since they are localized close to the surface.
We find the same form for the normal Hamiltonian as for
the Corbino disc, see Eq. (91), with # — §,,. Therefore,
for each given A, we find a zero energy edge state in the
gap and the normal part of the edge state wave function
is given by

. hZ(NY2 (1 = (ld—az|
Vi (@A) = =5 < +1 ) oo ( his (M) ) ’
(209)

where ®,,(7) is given by (84), and the prefactor accounts
for the correct normalization in terms of g, see (200).
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Projecting the Hamiltonian on the subset defined by
the normal part of the edge state wave functions, we find
in analogy to the Corbino disc in first order perturbation
theory for the effective surface Hamiltonian in subleading
order

—> 1 . 1 .
tHS/Ey :Jm{?,fza)\}Jrayﬁ sind. (210)
t B

where 71?(/\) = hi(¢Z,\) is the Lame coefficient pro-

jected on the corresponding surface. Thereby we note
that the two terms of the Hamiltonian (202) involving

no . 1
{%n, —i0z} 82 ~ 5 5 (211)
1 1 R
= cos ) 5y ~ = Sy ~ 5—2 Sy (212)
B B ¢

contribute only in second-order perturbation theory since
they involve s, . and do not lead to a direct coupling
of the states (209) since they are eigenfunctions of s,
with eigenvalue +1 for the outer/inner surface. Thus, the
term (211) contributes in O(1/R?) and can be neglected,
and, analog to the discussion for the Corbino disc, the
neglect of the Zeeman term (212) in y-direction requires
the additional condition (107).

Writing the eigenfunctions of the surface Hamiltonian
as

UEN o) =RENV2E (VL) (213)
we find that 1&? is the eigenfunction of
HE = (h&)™* BE (RF)?, (214)
with
+HZ By = 0,2(—i0;,} + ayl% sin (215)

B

where 0z, = B?(A)—laA is the derivative with respect to
the surface line element for ¢ = ¢>. Using (191), the

normalization of 1/3? is defined by

L
S [ asliEceear=1. @)
o,==+1 0

where L is the circumference of the corresponding surface
in units of the spin-orbit length.

The effective surface Hamiltonian (215) is the central
result of this section. It has exactly the same form as
the result (98) for the Corbino disc (where §; = Ry) and
involves the normal component of the Zeeman term as
the mass term. Defining the normal component along
the surface in dimensionless units by

. 1
Ezn(5) = = sind(3). (217)

B



we obtain the generic rule that zero energy topological
states will appear close to the surface points where the
normal component of the Zeeman term changes sign, i.e.,
for §; = §/ with

0 =9(5]).

sind; =0, (218)

Expanding around such a point we obtain for 9; = 0,7

~j =
- =N o o B ~j &t
EZ,n(St)NiT( t_St)N Rl?gv

. (219)
B

with ki = 7(5]), where we used (196) and the estimate
5 — 8 ~ &, together with the definition &; = Kidso ~
1/R. Comparing the order of magnitude of this term with
the first term ~ J;, ~ 1/& of the surface Hamiltonian
(215), we find precisely the result (206) for & ~ I VR.
Furthermore, depending on the sign of

p; = sign(cos ;) sign(&7), (220)
the mass term changes from minus to plus or vice versa
when moving around the surface, giving rise to the chi-
rality s = p; = £1 of the topological states, respectively.

Squaring the Hamiltonian we obtain the generic class
of periodic Witten models

Hyw = (HZ /Ex)? = =402 + Viy* (31) , (221)
with the Witten potentials given by
Vig(3:) = Ezn(3:)° F 2E7,,(51) , (222)

where E'Zn(ét) = (d/d3;)Ez.,(5;) denotes the derivative.
We note that the study of Hyy is sufficient to calculate the
spectrum and all eigenstates of the surface Hamiltonian.
This is due to chiral symmetry S = —o, and the fact
that periodic boundary conditions under §; — §; + L
are respected by the surface Hamiltonian. The Witten
model and its relation to the surface Hamiltonian will be
discussed in all detail in the next two subsections.

B. Supersymmetry for the periodic Witten model

The Witten model plays a very fundamental role in the
study of SUSY models [1-3]. The two spectra of

Hiy = Hwlo.—x = —402, + Vi (5) (223)
for the two chiral sectors S = —o, = +1 of ’;QW are ex-
actly the same. This follows from chiral symmetry of FIE
and the definition Hyy = (flf /Es)?. For each eigenstate
[y of ﬁtz it follows that o, |¢) is also an eigenstate with
a different sign for the energy. As a consequence, the two
states |) + o, |¢)) are eigenstates of Hy with the same
energy belonging to two different chiral sectors. Since all
eigenstates of Hyy can be constructed in this way, the two
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spectra of 7—2%, must be exactly the same. However, this
2-fold degeneracy between the spectra of the two chiral
sectors is a rather trivial degeneracy for the two partner
potentials Vwi, and is not related to any nontrivial SUSY
structure of the spectrum.

The nontrivial SUSY properties emerge in each chi-
ral sector separately and are associated with additional
symmetries present at half-integer flux f = 1/2 and a
mirror-symmetric surface. Using (201), we find for a
mirror-symmetric surface the following properties of the
normal component Ez ,,(8;) of the Zeeman field along the
surface

= - ~ - L
EZJL(St) = _EZm(St + 5),
Ezyn(gt) = _EZ,n(f/ - gt) = _EZ,n(_gt)7

(224)
(225)

where we used periodic boundary conditions Ezyn(;%) =
E z.n (8t + L) in the last equality. Using the operators Py
and P, changing the sign of x and ¢, respectively, which
act within the space of a mirror-symmetric surface, we
can write the symmetry properties equivalently as

PiEznPi=—Ez, , P,Ez,P,=—Ez,. (226)
Defining the supercharge operator Q4+ by
Q1 = Py(—2i0s, TiR(5,)) = QL , (227)

and using the symmetries (226) together with P = P2 =

1, we obtain straightforwardly the n = 1 SUSY represen-
tation (40) for each chiral sector with K = P,

Hiy = (Q2)® ., QuP,=-P,Q-. (228)

The SUSY of both 7—1#,[[, is unbroken, i.e., a zero energy

state exists in each chiral sector. This follows directly

from solving Qi\w\(,?,)’i> = 0 with the result

1 N
WG = == T, (229)
NW
where we defined the function
1[5 -
Feo =y [ dsiEaE). W)
—L/4

Here, N‘f/ is a mnormalization factor such that

fOL d3, [zb\jfv(ét)]z = 1. The reference point —L/4 for the
integration in (230) has been chosen such that the sym-

metries (224) and (225) for Ez,,(5;) lead to the following
symmetries for the function F(§;)

F(5) = —F(E+5)

F(5:) = F(L — 5;) = F(—5),

(231)
(232)



or

PiFPc=—-F |, P,FP,=F. (233)
As a consequence, the function F(S;) is symmetric
around the x-axis (i.e., under ¢ — —y) and antisymmet-
ric around the y-axis (i.e., under p — 7—¢). E.g., for the
special case of the outer or inner surface of a Corbino disc,
where 3, = Rz, L = 2rR> and Ez,,(3,) = (1/13) sin g,
we get F(5) = —Rz/(213)cosp = —1/(2Ap%) cosp,
consistent with (112).

We note that the existence of the zero energy states
for the two periodic Witten models does not necessarily
depend on the mirror symmetry of the surface. Only the
exact 2-fold degeneracy of all states with non-zero energy
is related to SUSY present only for a mirror symmetric
surface. This shows that the original model will always
have states close to zero energy at half-integer flux for
arbitrary smooth surfaces, provided that the conditions
(188) and (189) for the derivation of the surface Hamilto-
nian are fulfilled. This is even true away from half-integer
flux for strong localization § < Rz, where the devia-
tion of the flux from half-integer value will only change
the boundary conditions of the wave functions which is
not very important for localized states with small orbital
overlap. However, for a mirror-symmetric surface at half-
integer flux, the two states are exactly at zero energy even
when they have a strong orbital overlap for § ~ R>.

C. The low energy spectrum of the surface
Hamiltonian

In this section we will discuss the low energy spectrum
and the eigenstates of the surface Hamiltonian Ht2 for
the outer/inner surface. We start with the zero energy
solutions for any size of & based on the zero energy solu-
tions (229) of the periodic Witten models, and continue
with a semiclassical calculation of the strongly localized
bound states with § < R, in close analogy to the case
of a Corbino disc discussed in Section IV C.

The zero energy solutions (229) of Hj}, give rise to

two zero energy states of the surface Hamiltonian th
for chirality s = —o,

Vit (515 02) = % ( ; ) WGy, (234)
s 5 1 .
FeGiod =55 () oW @ @)

where the dependence of the right hand side of these
equations on the outer/inner surface is hidden in the
function R(S;) defined by (217), which enters into the
definition of 1/)%, via (229) and (230). For a mirror sym-
metric surface we find due to (229) and (233) that

PRy =105, oul0f) = —slds).  (236)
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Multiplying these solutions with the normal part (209)
and using (213) we get for the total wave function of the
zero energy states of Hy /5 with chirality s = &1 the result

DZ(G, N0, 52)

= hENAOF(@, X 52) 5, (5 (Vs 02) . (237)
This gives two zero energy states for each surface with
different values for the chiral symmetry. For a mirror
symmetric surface, the eigenvalue u of the SUSY opera-
tor Uy /o = P,0.8; is automatically fixed for given chi-
rality. Since hy, () and h¢(X) are symmetric under P, for
a mirror symmetric surface, we get from (209) and (236)
that

Urolth3) = Fsli3) (238)
i.e., u = —s for the outer surface and u = s for the inner
surface, in analogy to the result for the Corbino disc, see

Fig. 3.

To find all eigenstates of the surface Hamiltonian with
non-zero energy, we first note that it is sufficient to study
the eigenstates of the Witten Hamiltonian. This is due to
chiral symmetry and the fact that the surface Hamilto-
nian respects periodic boundary conditions. To see this
we start from any normalized eigenstate 1y (3:) of H;),
with positive eigenvalue €2 > 0

Hiylvl) = ),

L
(Wi [03) :/0 3| (B2 =1.

(239)

(240)
Writing the surface Hamiltonian (215) in the o,-basis as

iI:Itz/Eso = (I(‘)T g) ) (241)

with

[ = —2i0;, —iEz.,(5), (242)
we find H;, = [T and Hy, = [T (note that the su-
perindex of Hj;, refers to s = —o,). It is then straightfor-
ward to find two eigenstates of the surface Hamiltonian
with opposite energy

+(HF [ Beo) 07"y = nle| [07"), (243)
with n = +1 and
TZMs . _ i nz/};V(§t) )
i) = g5 () o ew
Y = =Ty (245)

€]

Here, d’rjztv are by construction normalized eigenstates

2

of 7—?#,[[/, respectively, with the same eigenvalue €°, and



both respecting periodic boundary conditions w‘jf[,(ét) =
Vi (5 + L).

The construction (244) of the eigenstates of the sur-
face Hamiltonian in terms of the eigenstates of the Wit-
ten Hamiltonian Hﬁ, is possible for any smooth surface,
even if it is not mirror symmetric. For the special case
of a mirror symmetric surface, where SUSY holds and
U, s2 = Py0.5, is an exact symmetry of the full Hamil-
tonian H, /2, we can choose the eigenstates of the surface
Hamiltonian as eigenfunctions of P,o. to fix the eigen-
value u of U; /2 (note that the normal part of the wave
function has s, = + for the outer/inner surface). From
the symmetry (226) we find that the Witten potential
and the Witten Hamiltonian have the symmetry

Vi (3) =ViE(=5) = PHEP, =HE . (246)

Therefore, we can choose the eigenstates z/J;“V of 7:[;,} as
eigenstates of P, with eigenvalue 7y, = +1

Py [iy) =iy ) -

Using the symmetry

(247)

P,IP, =T, (248)

we get a sign change for the eigenvalue of P, for ¢y, =
e~ Tyl

Py [ty) = =niy[Yw) (249)
and find from (244) that w<n7 is an eigenstate of P,o.

with eigenvalue —ny},

Poo. |95y = = 2" . (250)

In this way all eigenstates of H; /2 can be constructed
from the eigenstates of the Witten Hamiltonian 7-2;}
which are at the same time eigenstates of the SUSY op-
erator with eigenvalue given by

u=—nfse = Fny (251)
where we used s, = =+ for the outer/inner surface from
the normal part of the eigenstates.

In summary, for a mirror symmetric surface, we have
found that the angular part of all eigenstates of the
Hamiltonian H; /2 can be constructed as a combination
of a symmetric state of 7%%
of 7:1;1, with SUSY eigenvalue u = F for the outer/inner
surface, or vice versa with v = 4. Furthermore, we note
that two degenerate eigenstates of the Hamiltonian con-
structed in this way transform into each other via the
inversion symmetry II = —Pyo, and have a different
sign for the SUSY eigenvalue u. This follows since II
commutes with H; /2, Whereas SUSY anticommutes with

and an antisymmetric one

H, /2- On the level of the surface Hamiltonian this follows
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equivalenty from the symmetries

>

an'mgtsza'm = ]:It< ) (252)
P(,po'zﬁtzpapgz = ]:It2 ) (253)
(Px0y)(Ppo.) = —(Ppo.)(Pxoy) . (254)

We now turn to the explicit calculation of the localized
bound states of the two Witten models ’Hﬁ, in semiclas-

sical approximation for strong localization ét =g \/]T% <
R, in analogy to the treatment described in Section IV C
for the Corbino disc The existence of the unique zero

energy states wW for the chiral sectors s = 4 of the

Witten Hamiltonians 'HW reflects the unbroken SUSY
properties of the two chiral sectors of the squared Hamil-
tonian as described in Section III. However, for a generic
smooth surface characterized by the average curvature
Rt ~ 1/R <« 1, an arbitrary number of points with
sin?(5) =0,j=1,...,Ngz, can occur. In the regime of
strong localization, there will be Nz states exponentially
close to zero energy, each of them localized at § with
tangential spread ~ g}. The two states exactly at zero
energy are a superposition of all these states and are given
by (237). In addition, there will be Nz — 1 other eigen-

states with an exponentially small energy ~ e~ f/¢ and
it is in general quite difficult to calculate them exactly.
Therefore, in the following we will consider the region
5t ~ 8 + O(&), and study the spectrum via the har-
monic oscillator eigenstates in the minima of the Witten
potential by expanding the normal component Ez ,,(5;)
of the Zeeman field up to linear order in §; — §7. Accord-
ing to (219) we get

- ~ Q? ;

Ezn(5:) = pj Z(St - 5), (255)
. Q4 0?2
V{i(gt) ~ Té(st - St) + D04 2 ) (256)

where the sign factor p; has been defined in (220) and
Q2 denotes the Witten frequency at §; = §/

o 2RI 2

't - 257
lp & (257)

with

&l :| ‘1/2 ~VRig. (258)

Defining the annihilation and creation operators by

) Q. ,
a; = =5, + L (5, —5), 959
J= G0t (259)
2 Q;
a;r = 5 0z, +Zj(st—st), (260)



p1=+1

p2 = —1

p3 =+1

ps = —1
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FIG. 15. (a) A generic surface which is not mirror symmetric with four points where ¥ = 0,7 and four different frequencies

Q=2

|71|/lp. The signs p; = (signcos ;) (signi?) are alternating when moving along the surface. This happens since (1)

9 = 0,7 for positive/negative xz-coordinate, and (2) the sign of the curvature K; changes (remains the same) when the sign
of the z-coordinate remains the same (changes) when moving from one point to the next. (b) A sketch of the corresponding
Witten potential f/‘} consisting of four harmonic oscillator potentials with potential minima at —p; Qf /2. In the absence of
accidental degeneracies due to commensurabilities, this gives rise to a set of non-degenerate and clearly separated eigenvalues.
An exception are the two zero eigenvalues which stay close to each other since the exponentially small hybridization will split
them into one eigenvalue exactly at zero and another one at a very small positive value.

we find for the Witten Hamiltonian ﬁ@j close to 5 ~ §/
the result

0 for p; =+1

, 261
1 for p;=7F1 (261)

ﬁﬁ,’j [~ Q?a;aj + Q? {

and the surface Hamiltonian (215) close to § ~ & can
be written for p; =1 in the form

A > 0 —ia,
Ht<’J Pj:1 ~ j:Q] ( Za; O ’ ) 9 (262)
and, for p; = —1, we get
r2,j 0 idal
HE |, ~ 40 j 2
t |p]— 1 J <—iaj 0 > ( 63)
= 0x(HZ ], 21)0 (264)

Analog to the Corbino disc, we then get for the eigen-
functions and eigenvalues of ’Hﬁ,’j in the semiclassical
approximation the result

GG = E) 2 h (Go-sh/d) . o)
BT =n®2 4 J(15p,)0%, (266)

where f,, (o) has been defined in (123), and n =0, 1,....
The eigenstates of the surface Hamiltonian can then be
written down via the explicit construction (244) or in the
same way as for the Corbino disc, see (126) and (127).
The spectrum of 7:[;} within the surface gap is then
approximately given by n Qf for p; =1 and by (n+1) Q?

for p; = —1, withn =0,1,2,.... According to the above
discussion, each non-zero eigenvalue n Q2 of 7:1% will lead
to two energy eigenvalues +/n Qj for the surface Hamil-
tonian. This is quite analog as for the Corbino disc but
the essential difference is that many different frequencies
2; can occur, see below for examples and the discussion
of the qualitative form of the spectrum for specific sur-
faces.

Most importantly, we find from (266) that eigenstates
of 7:1?/:1, with eigenvalue exponentially close to zero are
superpositions of all states |g}) localized at the points
with p; = £1, i.e., for a given chiral sector s = +1, the
sign of p; is fixed to p; = s. According to (220) this
means that the signs of ] and cos¥; for all these points
must be either the same (for s = +1) or opposite (for
s = —1). To determine the number of such points for
a given chiral sector in the case of a mirror symmetric
surface we use the properties (201) and (196), and find
that ; and cos ¥ transform in the following way under a
sign change of ¢ or x

= Fe(5:+ L)2),

—8) =k (267)
cos9(—5;) = —cos (5, + L/2).

"%t<§t) = I%t(
= (268)

cos ¥(5¢)

As a consequence, we get the following transformation of

the sign factors p; = p(§7)

p(3]) =p(=8]) = —p(3] + L/2). (269)

This means that the number of points with the same
sign of p; and § # 0,L/2 is even. In addition, the two



points §; = 0, L/2 belong to the set {5 }; with different
sign of p;, since cos¥(0) = — cos¥(L/2) = 1 and & (0) =
7t (L/2) due to (201), (267), and (268). As a consequence,
the number of points 5] with a definite sign of p; must be
odd for a mirror symmetric surface, i.e., the total number
Nz of points with sin?; = 0 is even and N /2 is odd.
This is consistent with the form of the unbroken SUSY
spectrum for Hjy, since an odd number of states in the
presence of SUSY can only split into one single state with
zero eigenvalue and a set of 2-fold degenerate states with
positive eigenvalues.

Moreover, for a mirror symmetric surface, we can also
predict the qualitative form of the spectrum for the
bound states in the surface gap of the Witten model
H3y, (for fixed chirality s = +1) significantly away from
zero energy. Let us consider M different frequencies Q,
with £ =1,..., M, with each frequency €2 occurring my,
times at the points ¥ = 0, 7 along the surface, such that
the total number of points is decomposed as

Nz=mi+mo+ - +myu. (270)
For a mirror symmetric surface, each number mj;, must
be even due to the above discussion, with my /2 points
referring to pr = +1 and my /2 ones to pr = —1. There-
fore, we get in the semiclassical approximation from (266)
that my /2 harmonic oscillator potentials have eigenval-
ues nﬂi, with n = 0,1,..., and my/2 ones have eigen-
values nfli, with n = 1,...). This gives my/2 eigenval-
ues lying close to zero (leading in total to Nz /2 states
with eigenvalue close to zero in each chiral sector, see
above), and my, eigenvalues lying close to an for each
n = 1,2,.... Therefore, disregarding accidental degen-
eracies from commensurabilities, the spectrum of the
Witten Hamiltonian #Hj, will show sequences of M dif-
ferent groups (labelled by k = 1,..., M) of nearly degen-
erate states, each of them containing my, states, except a
group of my /2 states close to zero eigenvalue. An exam-
ple will be discussed in all detail in the next section for a
surface of peanut shape, where Ny =6, M =2, m; =4
and my = 2, see Fig. 18.

For generic surfaces without any symmetry one finds
only an alternation of the signs of p; when moving around
the surface, see an example for a surface with Ny = 4
and four different frequencies §2; shown in Fig. 15(a), to-
gether with a sketch of the corresponding Witten poten-
tial Vif; in Fig. 15(b). In the case where all frequencies
are different only the 2-fold degeneracy of the zero en-
ergy state is guaranteed for the surface Hamiltonian but
all non-zero energies are non-degenerate (up to acciden-
tal degeneracies due to commensurabilities between the
squared frequencies).

D. Peanut shape

An example for a mirror symmetric surface is shown
in Fig. 16, using a peanut shape constructed out of two
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FIG. 16. Construction of a peanut shape via the parameters
Ri1, R2 and zo. Here, R1 and Ry are the radia of the cir-
cles with centers on the y- and x-axis, respectively, and 2 xo
denotes the width of the peanut for y = 0. The angle v deter-
mines the point where two circles meet. We get 6 points with
¥ = 0,7, four of them having the frequency €, = 2/(Is \/51)
(for 5 = 2,3,5,6), and two with Qo = 2/(Ip \/}?72) (for
j = 1,4). The sign factors p; = (signcosd;) (sign ;) alter-
nate when moving around the surface (compare with Fig. 15),
and each frequency has the same number of positive and neg-
ative pj, i.e., 2 for 1 and 1 for Qy. The angle v is the angle
between the z-axis and the connection line between the mid-
dle points of the upper and right circle.

circles with radia Ry and Rs. This gives Nz = 6 points
where ¥; = 0, ™ and the sign factors p; are given by p; =
p3 = ps = —1 and ps = py = pg = 1, with two frequen-
cies () = 2/([3\/]?1) and Qy = 2/([3\/]%72). The first

frequency Qp occurs m; = 4 times at § = 57,5 (with

p2 =pe = 1) and §;, = 53,57 (with p3 = p5 = —1). The
second frequency 2y occurs mg = 2 times at 5; = 5 =0
(with p; = —1) and § = & = L/2 (with py = 1) .

The qualitative form of the spectrum follows from our
generic analysis in Section VC. For Ry = Ry = R, we
get two identical frequencies 2 = Q0 = Q , leading to
the Witten potential V{j; as shown in Fig. 17(a), based
on the explicit formulas derived in Appendix E. As a
consequence, the spectrum of the surface Hamiltonian
(calculated numerically within the tight-binding formal-
ism described in Appendix D) shows groups of 6 states
lying close together in energy as shown in Fig. 17(b). For
different Ry > Ry, we see in Fig. 18(a) that the Witten
potential Vij; hosts two different groups of 4 (2) nearly
degenerate states at nQ? (nQ2), with n = 1,2,.... This
leads to the energy spectrum for the surface Hamiltonian
shown in Fig. 18(b). Besides the group of 6 states close to
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FIG. 17. Left figure (a): Witten potential vat of a peanut surface with R, = Ry =R = 30, Zo = 10, and Ip = 2, calculated
via the formulas of Appendix E. The jumps of the potential arise from the discontinuous change of the curvature at the
meeting points of two circles in the construction of the peanut surface via Fig. 16. Based on the sign factors p; and the
frequency Q) = 2/( lB\f =1/4/30 ~ 0.18 introduced in Fig. 16, we obtain 6 harmonic oscillator potentials located at 57, with
potential minima at —p]Q /2, with p» = ps = ps = 1 and p1 = p3 = ps = —1. In these potentials we indicate the harmonic
oscillator states in a semiclassical picture (we only indicate those below the height of the potential set by the Zeeman energy
squared B2 = 1/I% = 1/16 = 0.0625).
0 =1 /30 =~ 0.034 which, due to SUSY, will split by an exponentially small hybridization into one state at zero eigenvalue
and a set of 2-fold degenerate states. Since each state of the Witten Hamiltonian 7—1&, with non-zero eigenvalue € will lead to
two corresponding states at positive and negative energy =+|€| for the surface Hamiltonian (see Eq. (244)), we get the energy
spectrum of the surface Hamiltonian shown in the right ﬁgure (b) (calculated numerically via the tight-binding formalism). It

As a result, we get three states with zero eigenvalue and six states with eigenvalue

consists of groups of 6 nearly degenerate states at € ~ 0, £} (higher states at € ~ :th with n = 2,3,... behave differently

since they are above the surface gap set by E 7). To get the center states (indicated by an arrow) away from Zero energy we

have detuned the flux f =

(m+0.1)/(27) =~ 0.5159 slightly away from half-integer value. This affects the bound states at the

boundary of the peanut only weakly since the states with energies within the surface gap are well localized.

zero energy, one can see groups of 4 states close to :I:Ql,
consistent with the semiclassical picture. Since the two
energies £y and +v2Q are quite close to each other
for the parameters used in Fig. 18, one can no longer dis-
tinguish these two groups after the small hybridization,
and groups of 6 states appear close to these energies.

We note that only states within the surface gap set by
the Zeeman energy Ey = 1 /l are shown in Figs. 17
and 18, and we detuned the flux slightly away from
half-integer value to get the center states away from
the energies of the bound states localized at the bound-
ary of the peanut. Furthermore, we note that the Wit-
ten potential contains discontinuous jumps at the points

= +Ry7,+£(L/2— Ry7y), where the curvature changes
discontinuously from —1/Ry to 1/R;. However, this is
due to our special construction of the peanut shape and
does not influence the low-energy wave functions signifi-
cantly in the case of strong localization, since the points
where the jumps of the potential appear are sufficiently
away from the hotspots 57, where the wave functions are
localized.

For the parameters used in Figs. 17 and 18, we show in
Fig. 19 the absolute square of the wave functions (aver-

aged over the spinor indices) for the 6 states lying close to
zero energy (labelled by ” A-F” in Figs. 17(b) and 18(b)).

For Ry = Rs, the two zero energy states labelled by ” A”
and "B” are compared with the analytical solution (229)
and (230) for the angular part w‘(,g)’i(ét) ~ eFFG) in
Fig. 20, see Appendix E for the explicit formulas to cal-
culate the function F'(§;) for the peanut shape. We find
two peaks at 3% (3°) for 1/11(/8)’+ (1/)53)’_) which agrees
quite nicely Wlth the analytical prediction and are consis-
tent with the tangential localization length & = I \/E,
see the Gaussian fit shown in Fig. 20. Both zero energy
states wl(/g),i are symmetric under a sign change of ¢ and
have chirality s = +1 and SUSY eigenvalue u = F1,
consistent with the analytics.

The four states ”C-F” with finite but very small en-
ergies can be constructed from the two degenerate first
excited eigenstates of the Witten Hamiltonian HW, see
the detailed discussion in Section VC and the explicit
formula (244) to construct the eigenstates of the surface
Hamiltonian at positive and negative energy from the
ones of the Witten model H;;,. As shown in Fig. 17(a),
the Witten potential VVJ(, hosts three harmonic oscilla-
tor ground states |g)) localized at § with j = 2,4,6.
In analogy, the Witten potential 7-2{7[, hosts three har-
monic oscillator ground states |gj) for j = 1,3,5. In Sec-
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FIG. 18. (a) The Witten potential VVJ‘; of a peanut surface for the same parameters o = 10 and Ip=2asin Fig. 17 but for
two different radia R1 = 35 and Rg = 20. In this case there are two different frequencies (~21 = 2/(l~B vV Rl) =1/v/35 =~ 0.17

and Q2 = 2/(Ip \/}572) =1/v/20 ~ 0.22. As a result, we get 4 harmonic oscillator potentials with potential minima at —p;Q3%/2
for j = 2,3,5,6, and 2 harmonic oscillator potentials with potential minima at —ij§/2 for j = 1,4, with p2 = ps =ps = 1
and p1 = p3 = ps = —1. Within a semiclassical picture this gives three states with zero eigenvalue, a group of 4 states with
eigenvalue QF = 1/35 = 0.0285, a group of 2 states with eigenvalue Q3 = 1/20 = 0.05, and a group of 4 states with eigenvalue
202 = 2/35 =~ 0.057 (all the other states are above the height of the Witten potential set by the squared Zeeman energy
EZ = 1/l~}§ = 0.0625). Due to the exponentially small splitting and SUSY, this leads to the energy spectrum of the surface
Hamiltonian shown in the right figure (b) (calculated numerically via the tight-binding formalism), showing a group of 6 states
close to zero energy, and groups with four states close to iﬁl. Since the 2 states at iﬁz and the 4 states at +£v/2 Ql are quite
close to each other, one can not distinguish them any longer after the hybridization, leading to groups of 6 states close to these
energies. All other states at € &= ++/nQ1, with n = 3,4,..., and € ® +/nQ2, with n = 2,3,..., behave differently since they
are above the surface gap set by Ez = 1/I% = 0.25. As in Fig. 17 we have detuned the flux f = (7 +0.1)/(27) ~ 0.5159 slightly
away from half-integer value to get the center states away from zero energy.

STABILITY AND TOPOLOGICAL
ENGINEERING

tion VC we learnt for a mirror symmetric surface that VI.
each eigenstate of the surface Hamiltonian with non-zero
eigenvalue can be constructed as a combination of a sym-

metric/antisymmetric state (with respect to P,) of Hy,
and an antisymmetric/symmetric state of 7—2‘},, such that
they are at the same time eigenstates of the SUSY oper-
ator with SUSY eigenvalue u = —1/u + 1 for the outer
surface. As shown in Fig. 20, the symmetric combination
lg3) + |g8§) is predominately present in the state w%,g)’+
with zero eigenvalue. The other symmetric state |gg) of
Hy, is combined with the antisymmetric state |g3) —[g5)
of 7—2‘}, to form the eigenstates "C” and ”"E”, which have
SUSY eigenvalue u = —1. Finally, the states ”D” and
"F” are obtained from applying the inversion operator
to 7C” and "E”, respectively, i.e., are combinations of
the symmetric state |g§) of Hy; and the antisymmetric
state [g2) — [gS) of Hyl,, with SUSY eigenvalue u = 1.

In this section we discuss the stability against various
kinds of perturbations (flux away from half-integer value
or penetrating into the sample, surface distortions, and
random disorder), and the possibilities of how to use the
topological hole states in multi-hole systems for topolog-
ical engineering.

For clarity, we summarize here again the conditions
of the validity range of the analytical theory, as it was
discussed in all detail in Sections IVC, IVD, and IVF.
For the discussion of strongly localized bound states be-
low the surface gap in the topological phase, we need the
condition specified in (175) which, in terms of the Witten
frequency Qu = 1/(m*As0&:) and in dimensionfull units,
can be written as

1
_ Q FE 271
m* Ao R < Swes Bz @7)
QW < Eso ) (272)
EZ ~ Asurfacc f, Abulk . (273)

The first condition (271) is equivalent to the condition

of strong localization & = lgy/R/As0 < R and means
that we have a clear separation of energy scales between
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FIG. 19. Numerical calculation via the tight-binding formalism described in Appendix D for the wave functions ” A-F” of the
6 states with lowest absolute value of the energy, see labelling in Figs. 17(b) and 18(b). We consider a system of peanut shape
as shown in Fig. 16 using the parameters &, = 10, [z = 2, § = 1, together with (a) Ry = Rs = R = 30 (left figure) and (b)
Ry =35 and Ry = 20 (right figure), i.e. the same parameters as in Fig. 17 and Fig. 18, respectively. In the six panels we show
the wave functions ” A-F” by plotting >, [t(na,ny; oz, s5.)|? in color code as function of the lattice site index (n.,n,). The
signs of the wave functions before squaring them are indicated which agrees with the analytical considerations (see main text).

the level spacing 1/(m* s R) of the extended edge states,
the level spacing Qy of the localized bound states, and
the surface gap ~ Ez, see Fig. 1(b). We note that the
two conditions Quw > 1/(m*AsoR) and Ez > Qu are
equivalent since

EZ 1 QW
Bl LA 274
QW 2 1/(m*)\SOR) ( 7 )

The second condition (272) means that we have a clear
separation of length scales between the normal and tan-
gential localization lengths Ay, ~ &, < &, such that
we can split the Hamiltonian in a normal and tangential
part, see Section IV F for the details. As already pointed
out at the end of Section IVF, the two conditions can
be fulfilled for sufficiently large curvature radius R, but
do not require any condition for the ratio of spin-orbit
energy Ey, and Zeeman energy FEy.

To describe the topological states in the case of strong
delocalization in tangential direction & ~ R, one needs in
addition the condition of weak Zeeman energy E, < Fg,
as compared to spin-orbit energy, see the detailed discus-
sion in Section IV C. This is important for the study of
topological engineering to generate a controlled coupling
between the two topological hole states of a single hole,
see below.

A. Stability

If the topological states are well localized in normal
and angular direction, i.e., if the condition (271) is ful-
filled, only the properties of the model in a local subpart
of the surface is important. This guarantees the sta-
bility of the topological states against deviations of the
flux from half-integer value and against deformations of
the surface. Moreover, even if the flux penetrates into
the sample, the spectrum of the boundary states is not
significantly changed since they are strongly localized in
normal direction and feel only the total flux through the
area defined by the surface.

For the stability against random on-site disorder we
discuss generic impurity potentials defined in the tight-
binding version of the model by

S ) (nfoa ® 55

«,8=0,1,2,3 n

Vi = (275)

where n labels the lattice sites, 0o = so = 1, and vﬁ‘ﬁ is
randomly distributed in the interval v&® € [~d/2,d/2].
Here, d is a measure for the impurity strength. After
averaging over the disorder the self-energy will be of order
d?/Es,, where t ~ E, is the average hopping in the
limit of strong spin-orbit interaction. For a generic spinor
dependence of the impurity potential we then expect that
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FIG. 20. The angular part of the two zero energy topological states as function of the line element §; along the surface for
a system of peanut shape as shown in Fig. 16 with Ry = Rs = R = 30, zo = 10, iz = 2, and 6 = 1. In the left figure (a)
we show the analytical result ¢~ ¥ (black line), with F'(5:) given by (230) and calculated explicitly in Appendix E. The
analytical result is compared to the numerical result (shown in blue) for the state labelled ”A” in Fig. 19(a), by showing the
average (1/A) Z(nx,ny)eA(Egzsz [ (x, y;04,5:)]?)/? over a certain area A defined by a fixed distance AN = 4 away from
the surface. Furthermore, to ensure for the normalization, we rescaled the numerical result to fit the peak heights. We find
two peaks at the points 57 and 5%, where the Witten Potential T~/$ has a minimum, see Fig. 17. This corresponds roughly
to a symmetric combination ~ (|g3) + |g§)) of the two harmonic oscillator ground states localized at 57 and 3¢ (the state
lg3) of the third minimum of VJ is only weakly involved). This is demonstrated by a comparison to the two Gaussian forms
gg’e(ét) ~ 67%((5"75?'6)/&)2, with §~t = ZB\/E = 24/30 ~ 11 (together with a rescaling factor to match the maximum), as shown
by the dashed orange lines in the figure. In the right figure (b) we show the comparison of the analytical result for e’ (5*)
with the numerical result for the state labelled ”B” in Fig. 19 and with the Gaussian fits for 93’5(§t), corresponding to the two

minima of the Witten potential \N/M_, at Ef . Here both the z and y coordinates of the numerical curves have been adjusted by
multiplying a constant scale factor to fit the peak positions.

stability of the topological states is guaranteed if i.e., the Witten frequency in (276) is replaced by the bulk
a2 gap. Since the spinors transform under the transforma-
< Qw, (276)  tion (198) as
ESO

since the Witten frequency is the energy of the first ex- Su.y uwx, ei%Szﬂsm’ye—i%szﬁ , (279)

cited bound state. This is equivalent to UW X
d \?2 3 Og —r —0:S5z, (280)

— ) < =B UWX
<Ez> ~“ VR (277) Oy —— 0452, (281)

. . . UW X UW X

Thus, to achieve a stability in the regime of the surface S ——* 8z , Oy —0y, (282)

-3 - ]
gap d < Ez, one needs to choose Iy 2 \/ﬁ.For typl?al we find that impurity potentials with one of the four fol-
parameter values R ~ 30 — 60 and g ~ 2, this can easily lowing spinor dependencies have the increased stability

be achieved. regime (278)
For impurity potentials with a special spinor depen-
dence, the stability can be even stronger. As shown in Vim ~ 04,04, 82,0y5, . (283)

Sections IVC and V A for weak Zeeman field, all edge
states are eigenfunctions of s, in the transformed ba- B i
sis, with eigenvalue +1 for the outer/inner surface, see I/ \/E < 1 around a point with ¥ = 0 (analog one
Eq. (209). Therefore, if the impurity potential Vi, in can treat the case of localization around ¢ = 7), we can
the transformed basis contains only terms ~ 048,.., no  expand the rotation matrix ez5¥ ~ 1 + i%s.9 and find
matrix elements of the Hamiltonian are possible between  from (279)

any edge states within the bulk gap, leading to an in-

Furthermore, in the case of strong localization Agp ~

creased stability Sy Twx, sy + 5:0(Ap) . (284)
2
d < Apulk (278) The first term involving s, leads to the stability regime

Eso (278) involving the bulk gap. The second term involves
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FIG. 21. Tunability of topological states localized at two holes in the system. In (b) and (c) we sketch how the shape of the

topological states change qualitatively if one decreases/increases the Zeeman field By, S B compared to (a).

Whereas an

increase of the Zeeman field localizes the state stronger in tangential direction (i.e., £~t ~ \/Ei B decreases), it delocalizes the
state in normal direction since one approaches the phase transition line 5=1 / 3 = Ez at fixed § > Ez. Therefore, a decrease
of the Zeeman field increases the overlap of the two states from the same hole, such that their hybridization increases by tuning
the flux away from half-integer value, see (b). In contrast, in a setup of two holes, the overlap of states from neighboring holes

can be increased by increasing the Zeeman field, see (c).

the small factor Ay < 1 associated with s, i.e., in (276)
we have to multiply the impurity strength d with this
factor, leading to the increased stability region

Apd)? d\? —_
(Z; ) SQ e (EZ) ,S\/EZBN&- (285)

This stability regime applies to all impurity potentials
with a spinor dependence of the form
Vim ~ Sy, 08z, OySy, 0254 . (286)

Since & >> 1, the condition (285) leads to a stability
regime for impurity strengths much beyond the surface

gap.

B. Topological engineering with hole states

We propose the topological hole states in the topolog-
ical phase with Fz < § < 1+ Ez to be of particular
interest for topological engineering since their localiza-
tion length in normal and tangential direction change
in a different way when increasing the size of the Zee-
man field. Whereas an increase of the normal component
of the Zeeman field decreases the tangential localization

length & = Ip \/1?{, the normal localization length é,f
will increase according to (152) since the bulk gap re-
duces. Therefore, by considering a multi-hole sample as
sketched in Fig. 21(a-c), where the shape of the topolog-
ical states can be controlled by local Zeeman fields, one
can increase the orbital overlap of topological states from
different holes by increasing the Zeeman field, whereas
a decrease of the Zeeman field leads to an increase of
the orbital overlap of the topological states of the same
hole. In this way, it is possible to realize controlled 1-
and 2-hole operations. An orbital overlap of topological
states from different holes will lead to an interaction since
no symmetry protects the hybridization via the Hamil-
tonian. In contrast, for topological states from the same

hole, the SUSY protects a hybridization. However, by
the local Aharonov-Bohm flux through the hole, one can
induce a controlled interaction between the topological
states from the same hole if their wave functions have a
significant orbital overlap.

We note that the proposed scenario for 2-hole opera-
tions is more difficult to realize with sharp corners, where
the angle ¥ controlling the normal and tangential com-
ponent of the Zeeman term changes abruptly its sign. In
this case, the normal localization length is controlled by
the difference § — Ez cos®¥ and will stay finite, even if
the bulk gap closes at 6 = E5. Therefore, the normal
localization length can be tuned to much larger values
for smooth surfaces without closing the bulk gap. Fur-
thermore, for sharp corners, the tangential localization
length is of order & ~ 1/Ez = [2% since the normal Zee-
man field is a constant along the surface, leading to an
exponentially decaying wave function for the zero-energy
state along the surface, according to the surface Hamilto-
nian (215). As a result, one needs much weaker Zeeman
fields to generate an orbital overlap between the topo-
logical states of the same hole, making 1-hole operations
also more difficult to realize as compared to the case of

smooth surfaces where §~t = \/}T% I5 is much larger for
VR > .

Depending on the shape of the holes, a huge variety of
other scenarios can be imagined for topological engineer-
ing. E.g., if one takes a hole of peanut shape, as shown in
Fig. 22, both types of topological states with normal lo-
calization lengths & and £ can be realized on the same
hole. This has the effect that increasing the size of the
Zeeman field, the topological states with £ (which are
the states labelled by 3—6 in Fig. 22) will get an increased
normal localization such that they can overlap with topo-
logical states from neighboring holes. In contrast, the
topological states with & will get more localized and do
not participate in 2-hole operations, whereas they can be
used in 1-hole operations, by increasing the tangential
localization length by reducing the Zeeman field. More-
over, the tangential localization length can be tuned to



FIG. 22. Sketch of a system with a hole of peanut shape.
The normal localization lengths &2, with j = 1,...,6, of the
six indicated topological states are given by &2 = & and

3456 — £< with .55 given by (153) and (152), respectively.
As a consequence, they behave very differently when increas-
ing the size of the Zeeman field B. Whereas the states 1 and
2 will get more localized in normal and tangential direction,
the states 3 — 6 will only decrease in tangential direction but
get more extended in normal direction.

different values by choosing different curvature radia for
the various topological states. This opens up many pos-
sibilities for different protocols how interactions between
various topological states can be controlled.

VII. SUMMARY AND OUTLOOK

The present work has revealed an interesting relation-
ship between two different fields of condensed matter and
high-energy physics. It has been shown that the surface
spectrum of a wide class of 2"d-order topological insula-
tors in two dimensions has a supersymmetric structure if
one applies a half-integer Aharonov-Bohm flux through
the area of the surface. It was shown that the topolog-
ical states are protected by supersymmetry and an ef-
fective surface Hamiltonian has been set up for smooth
surfaces, revealing the whole class of supersymmetric pe-
riodic Witten models. The condition of a smooth surface
is essential for a universal description. In contrast to
sharp corners, where the topological states close to the
corner are non-universal and not accessible to analytical
approaches (except for very special cases), smooth sur-
faces offer the possibility for a full analytical control over
all bound states localized at the surface. This has been
shown via the localization of states in the minima of effec-
tive surface potentials, as they occur within the Witten
models. Moreover, it has been shown that smooth sur-
faces offer the possibility for a more flexible tunability
of the shape of the topological states in tangential and
normal direction, opening up the possibility for topolog-
ical engineering via 1- and 2-hole processes in multi-hole
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systems by using only magnetic fields.

Our analysis is based on a quite generic continuum
model for a 2"d-order topological insulator, containing
the basic ingredients of band inversion, Rashba spin-orbit
interaction, and Zeeman field. As in previous works [27—
35], it turns out that the Zeeman term is a particularly
useful and flexible tool to induce a surface gap and to
control the topological states. We have shown that the
normal and tangential component of the Zeeman field
play a very different role. Whereas the normal compo-
nent determines the position of the topological states and
controls the tangential localization length, the tangential
component determines the normal localization length and
contains information about occurence of the phase tran-
sitions of the bulk. Interestingly, at the phase transition
from the gapped topological to the gapless Weyl phase,
it turns out that the normal localization length diverges
only when the curvature of the surface is negative when
looking from the side where the state is localized (e.g.,
for a Corbino disc, this are the states at the hole sur-
face). It will be interesting to study how the behaviour
of those states is changed when considering the transition
to sharp corners, where it is expected that the normal lo-
calization length will only diverge very close to the corner
but not far away from the corner (where the surface is
rather flat) [50].

We note that our model can be extended to three di-
mensions (3D) where the topological states will change to
hinge states with a dispersion as function of the perpen-
dicular momentum which connects the conduction with
the valence band. Depending on the choice of the three-
dimensional area (cube, torus, sphere, etc.), a variety of
anomalous Quantum Hall setups in 3D can be realized,
generalizing the standard 2D Quantum Hall effect for a
Corbino disc. This will be discussed in forthcoming works
[51].

For the future it will be interesting to study how other
models of 2"d-order topology with supersymmetric prop-
erties can be realized. The supersymmetry has the par-
ticular advantage that the two topological states are or-
thogonal to each other even if they have a strong orbital
overlap, opening up the possibility for a controlled cou-
pling between them by tuning the system slightly away
from the supersymmetric point (which, in our case, has
been achieved by changing the flux away from half-integer
value). In particular, Majorana systems are of interest
here, as they have been discussed in Refs. [29-35]. It will
be interesting to see which kind of Dirac model emerges
for the effective surface Hamiltonian in this case and how
its universal properties in the low-energy regime can be
related to generalized multi-channel Witten models.
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Appendix A: Bulk spectrum

In this Appendix we study the bulk spectrum for an
infinite system where the outer surface is not present.
In this case, the presence of the inner surface with the
finite flux does not play any role since the vector poten-
tial is zero in the asymptotic region at large distances.
Therefore, we set the flux to zero f = 0 in the follow-
ing and consider a translationally invariant system with
plane waves ~ e’¥* for the spatial part of the eigenfunc-
tions. The spectrum of the Hamiltonian (13), with px
replaced by k, can then be easily obtained by squaring it
twice

2

2 ? k ; :
HE = (Qm* - 5) +a?k? + B +2E, (Qm* - 5) (B-s)o, +2aEz(B-k)o,, (A1)
where B = B/B, B = |B|, and k = |k|. Taking the constant part of the right hand side to the left side and squaring

again, we obtain for the bulk spectrum of the four bands (with 0 = + and n = +)

on k2 ’ 272 2 K i 2k2 cos?
6k =0 (Qm* —5) + « k —|—EZ—|—27’]EZ <2m* —6) + o k2 cos 9, (AQ)

with cosd = B-k and k = k/k. In dimensionless units k= k/kso, with kso = 1/Ago = |a|m*, and using the definitions
introduced at the end of Section II, this can be rewritten as

2
& = )"/ Exo = a\/<\/(ic2 — 6)2 + 4k2 cos? 0 + nEZ) + 4k2sin? 6 .

To obtain the bulk gap and the gap closing point for
k, we consider ¢ = +, n = — and 6 = 0, and get for
€ = €g7|9:0 the result

& = |\ (k2 —0)2 + 4k2 — Ey|, (A4)

Using
G(k?) = (k* — 6)? + 4k? (A5)
= (k2 +2-06)2+4(6-1), (A6)

we obtain for the minimum G, of G(I;:2) at k = kyin >
0

406 —1) for 0 >2
min — § ¢ < N A
¢ {52 for §<2 (AT)
]%min _ \V 6 —2 for é > 2 (AS)
0 for §<2

Together with (A4) this leads to the result (18) for the

(A3)

(

bulk gap
) 2V6 —1—FEy ford>max{2,1+ iEN’%}
Apu = ¢ 0] — Bz for § < 2 and || > Ey
0 otherwise

(A9)

In the parameter region where the bulk gap is finite, the
minimum of the band dispersion occurs at § = 0 and
k/kso = kmin, given by (A8). The gap closes at the point
Gmin = E% which leads to

(A10)

P 1—1—%E~’% f0r<§>2
tEy for 6 <2’

and agrees with (19).



Appendix B: Edge and center states for zero
Zeeman field

Here we discuss the calculation of the exact edge states
at zero Zeeman field B = 0 for a Corbino disc, either lo-
calized at the inner surface with an arbitrary radius R
or at the outer surface for a large radius R~ > 1. We
discuss only zero boundary condition at one of the sur-
faces, thereby neglecting exponentially small corrections
at the other surface for R~ — R. > 1, see the discussion
after Eq. (74) (a similar but more complicated analysis
can be done by considering both boundary conditions at
7 = R, valid for any value of R-). Similar to the cal-
culation of boundary states in one-dimensional systems
via linear combination of plane waves with complex mo-
mentum, we present here an analog approach for a ro-
tationally invariant system in two dimensions via linear
combinations of Hankel functions in radial direction with
complex momentum. Of particular interest are the lim-
its R~ > 1 and R < 1, where explicit forms can be
provided for the dispersion and the wave functions of the
low-energy edge states as function of the angular momen-
tum [ = 0,£1,+£2,... in z-direction. In the following we
use the notation R = R. and discuss the edge states at
the inner surface, mentioning at the appropriate places
what has to be changed for the edge states at the outer
surface.

We start from the generalized supersymmetric Dirac
Hamiltonian (77) and replace the angular momentum [
by v=I01+f— % to cover also the case where the flux
deviates from half-integer values. To construct the eigen-
states we exploit the property that the operators I'), and
I'f act in the space of Hankel functions like ladder oper-
ators

D VPH®E, o (kF) = kVFHD, (kF),  (B1)
r \[H(l)uz(fﬂz) = ];‘/;HIEQUQUWX) ) (B2)

where H" (2) = Ju(2) +1iY,(2) is the Hankel function of
first kind. Disregarding boundary conditions, it is then
straightforward to see that the bulk eigenstates are given
by (up to a normalization factor)

h @bulk ~¢)bu1k (BS)

e HY, (kF
als(r) = Vir [ 2 g

ko 1. (k)

v+1/2
where ¢z, is defined by
2k k2 —54¢
= =T (B
k2—-6—¢ 2k

and the energy € is related to k = k(€) by the dispersion
relation
&= (k* -

0)% + 4k2. (B6)
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For given energy €, there are four solutions for k in
the complex plane which we denote by k;(€), with j =
1,2,3,4. Since (B6) depends only on k2, we can choose
k3 —k1 and k4 = —k27 together with Imk1/2 > 0. Fur-
thermore, since € is real, k* is also a solution of (B6),
—k2/1 or k:1/2 = —k:i‘/2
(the special point ki = ko is a bifurcation point which
we disregard in the following). However, not all four so-
lutions are allowed since the wave function should decay
at large distance 7 > 1 if we consider edge states local-
ized at the inner surface. Since the Hankel function has
the asymptotic behaviour

fH(l)( ) [z]>1 \/Ee—i(y+1/2)(‘n—/2) eiz,
T

this means that the imaginary part of k must be strictly
positive, i.e., the only allowed solutions are given by k; /5.
For § < 2, we note that these solutions fulfil the useful
properties

such that we get either k1/2 =

(B7)

(B8)

k1 (&) + ko (6) =i\/2(2—5+\/52—€2), (B9)
where €| < |d] to guarantee that the energy of the edge
state lies in the bulk gap set by ~c§. For edge states lo-
calized at the outer surface only k-values with a strictly
negative imaginary part are allowed, meaning that we
have to replace ky /5 — —k1 2.

For given v, the radial part of the edge state wave
function @edge( 7) with energy € can be constructed by a

linear combination of the two degenerate bulk eigenstates

o) = 3 a

j=1,2

(I)bulk (f)

o, (B10)

such that the boundary condition at the hole surface is
fulfilled
@°2°(R) = 0. (B11)

Inserting (B4) in (B10) we find that the boundary con-
dition can only be fulfilled if

aY, ,(kR) aY, ,(kaR)
Cl;l &) — :C];2 &) —, (B12)
HY), (kL R) HY), ,(kaR)

and the ratio of the two coefficients is given by

“ \/%QRH(21/2(12 R) B13)
a2 ERHY, (kW R)

With k2 = ki /5(€), the condition (B12) has either no
solution or gives a certain value for the energy € = €,



for a given index v. If a solution can be found, the total

Hamiltonian (75), given by H 1((/))2 ,/Eso = 0zh,, has two

solutions with energy +¢€,. This provides two dispersions
of edge states moving clockwise or anti-clockwise along
the surface as function of the angular momentum [ =
v — f+1/2. In the following we will explicitly solve the
condition (B12) for very large and small radius R.

Large radius R>>1: For large radius we use the
asymptotic form

1
Hl(/_)l/Z(Z) lz|>1 iz 4+ v

1)
H, [ j0(2) *

and find from (B12) by using (B5)

€, = %l(/;h + ko) — 6 — k1ka,

v ~ ~ ~ ~
=—2\22-0+\/2-&) -5+ /2 -&,
R\/( &) €

(B15)

where we used (B8) and (B9) in the second step. For
|€,| < |9], this equation has only a solution for

5>0, (B16)

and the energy is of order ¢, ~ O(1/R). In leading order
we obtain
v

7

€ = (B17)
This result is consistent with the one obtained in Sec-
tion IV C for the inner surface, see the first term of the
effective surface Hamiltonian (98). The same applies for
edge states at the outer surface, where we have to re-
place ki3 — —ky /2, giving rise to a sign change of the
dispersion. _

The edge state wave function for large R follows by
using €, ~ 0 in leading order (thereby neglecting correc-
tions of O(1/R)), and inserting the asymptotic form (B7)
of the Hankel function in (B12) and (B13). This gives

together with 151/2 A 1211/2(0), given by
ki2(0)=i+4/0—1, (B19)

where we define Vé—1=iV1—04for0< 4 < 1. Since

k1/2(0) — & = 2iky 15(0), we find from (B5) that
(B20)

up to corrections of O(1/R). Using (B18) and (B20) in
(B4) and (B10), we find for the radial part of the edge
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state wave function the v-independent result (up to a
normalization factor)

D (7) = (7)
N < 31 ) (eifcl(O)(FfR) B eilEQ(O)(fff%)) 7

which proves the result (83) for the edge state at the
inner surface after normalization.

To get the edge state wave function for states localized
at the outer surface we have to replace ki3 — —ky/2 in
all previous steps, leading to ¢ = ¢, = —t instead of
(B20). This gives the result

(B21)

5(F) = ¢ (7)
1 —ik F—R —ik 7—R
-~ (1) (e ik1(0)(F=R) _ ,—ik2(0)( R)) . (B22)

which proves (83) for edge states at the outer surface.

Small radius R < 1: For small hole radius we start
with the case |v| < 1/2 which is only possible for I = 0
or v = f — 1/2 (since we consider only fluxes with
0 < f < 1). In this case we get

H,25(2) T2 —
v—1/2 lz2l<1 . ;- T(1/2 =) .
e R LR A

Using this form together with (B5) in the condition
(B12), we find for the energy

7.2v+1 7.2v+1
N kl _ k2

7.2v—1 7.2v—1
kl - k2

~ o ~ ~ ];%u_];%u
:5+k1k2 - (k'l +k’2)ﬁ
k7 = Ry

€y, =

(B24)
(B25)

This equation is rather hard to solve when 121/2 =
ks /2(€,) depend significantly on €. Analytical results can
be obtained in the limit of small |v| = |f — 1/2] <« 1,
where we obtain
.. k4 ko~ -~ . -
bt bk 22 LT (s — k) v. (B26)

1 — h2

For the SUSY point ¥ = 0 we obtain

Go=0+hkiko=0—1/02-&, (B27)
where we used (B8) in the last step. Since the solution
€ = 6 is not possible (the energy is required to be in
the gap), this equation has the unique solution &, = 0
if § > 0. This means that €, ~ v has a linear slope in
the deviation v = f — 1/2 from half-integer flux. As a
consequence, we can neglect the energy dependence of
ki/2(E) in (B26) since the corrections are of quadratic
order in € and, therefore, also in v. For € = 0 we insert
(B19) in (B26) and obtain the following dispersion é(f) =



€712 for the center state with angular momentum [ = 0
as function of the flux f

arctan\/Sfl for §>1

By 46(f —1/2
e(f):—g 1111714”5_1 for 0<d<1’
V |6 — 1] 2 761
(B28)

which proves Eq. (87) of the main text.
For the other angular momenta |I| > 0 we have |v| >
1/2 and use

(1)
H,,_1/2<Z) |z|<1

2u+1)/z for v<-1/2°
(B29)

{z/(Zu—l) for v>1/2

After inserting this form together with (B5) into the con-
dition (B12) we find that a solution can not be found for
the energy.

As a result, for small radius, only the center state with
I = 0 survives with energy €(f) given by (B28) for small
|f —1/2] < 1. The reason is that this state starts at zero
energy at the SUSY point f = 1/2 at any radius (see
below) and will get a small shift when deviating from
half-integer flux. In contrast, the other edge states with
finite angular momentum already start at a finite energy
at the SUSY point and get strongly shifted by decreasing
R such that they move out of the gap for small radius.

Appendix C: Continuum numerics for a disc

In this Appendix we will outline the continuum numer-
ics for a disc with radius R and no hole (i.e., R~ = R
and R. = 0). We start from the Hamiltonian (14) and
choose a complete basis of states which diagonalizes the
kinetic term p% /(2m). In polar coordinates we use

2 1 L. 2
Py = —;aTraT + 72(7184, + ), (C1)
and decompose the eigenfunctions in a radial and angular
part

2

S ua(rp) = g bus(r, ). (C2)
1 ilp
r, o) = ug(r) —e"?, C3
Yip(r, ) = wp( )\/ﬂ (C3)
where [ = 0,£1,42,... denotes the angular momentum

and f = 1,2,... numerates the radial states. Using the
dimensionless variable z = | /2me;g r we find that w;z(r)
fulfils the differential equation for the Bessel functions

I+ f)?
( 22) ) uw:O.

02 + éaz +(1- (C4)
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Since 15(r, ¢) should be a well-defined wave function at
r = 0, we need the following boundary condition at r = 0

=0

2o (C5)

() r—o0 | finite value for
v 0 for

Furthermore, at r = R, the wave function should vanish
UZB(R) =0. (06)

As a consequence, the normalized radial part and the
energy eigenvalues are given by

_ ﬁ S5 (24 5,87/ R)

wg(r) = ) (C7)
o) R g p1+1(21451,8)|
i fl.0
€8 =5 pa (C8)

where J,(z) are the Bessel functions and z,5 > 0 numer-
ates the positive zero’s of J,(z,3) =0 with 5 =1,2,...
in ascending order, i.e., 0 < 2,1 < zp2 < ....

In the basis of the states ;3 we now state the matrix
elements (Yyg|px |t p) of the kinetic momentum oper-

PK,x

K,y
elements of the spin-orbit interaction. A lengthy but

straightforward calculation gives the result

(Yiglprltbvg) =

ator px = in order to determine the matrix

L —i(0r—1 + 01,00 41)
"R X ’ P 13/ Cg
R < 5l,l’—1 - 5171/_,'_1 1B,U'B" ( )
where, for [l + f| + [l + f| > 1, we get
= B+B Pl f1,B AV 4118
Pore = (=1) : (C10)

2 2
Fli+f1,8 ~ Fllr+£1,8°

and for [l + f|+ [I' + f| = 1 (which, for 0 < f < 1, can
only happen for [ = 0,I'’ = =1 orl = —1,I' = 0) we
define

e A i A e
Pigrp = (—1)°+7 22 — 2
4+£1.8 ~ FlU+£1.8

« 41— Zsinep) Fues18) 7 g o)
7T S 101 Rligr8) S p41 (24 51,80)

(C11)

We note that, for the special case f = 1/2; the latter
matrix element can be evaluated as (for both [ = 0,1’ =
—lorl=-1,'=0)

/86/ +3’
P g = 2o ((—1)ﬁ 7 - 1) :
Based on the matrix elements of px it is then straight-
forward to evaluate the matrix elements of the Hamil-
tonian (14) which, in dimensionless units, read (with

(C12)



o = 1 and s = +1 denoting the eigenvalues of o, and
S, respectively)

(Vg 0,8|Hylbp g, o', s") ) Eso =

2
PS8k
= B3 oo oy (% )
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+ E 5[,1’7550770’55,73’-Plﬂ,l’[3’
— % 511/555/500155’,518 . (013)
lB

For the numerical implementation we take a cutoff N,
for the allowed values of the angular momentum in the
following way

~NL+1<I<Ny. (C14)

We have chosen it in the prescribed way to ensure that
the SUSY operator Uy, at f = 1/2 stays in the space
of chosen states. This follows from the matrix elements
(valid only for f =1/2)

(tugle™" Pyl gr) = d14141,008p - (C15)

In the chosen way, the Hamiltonian matrix fulfils exactly
all symmetries for any cutoff (i.e., chiral and inversion
symmetry, and, for the special case f = 1/2, the super-
symmetry).

In addition, we have to choose a cutoff Nz for the num-
ber of zero’s of the Bessel function, i.e., 6 =1,2,..., Ny.
Whereas convergence is quickly reached in the cutoff Ny,
for the angular momentum, the cutoff Nz has to be taken
rather large for mcreasmg R such that Nz ~ R to get
values of the energy z‘ L41,8 / R? beyond 8. This restricts

the numerical implementation to values R ~ 30 — 40 for
a good efficiency.

We note that the matrix elements Plg rg can be of
order O(R) for 21451, 2+ fl,p ~ O(R) and |z);44 5 —
244,81 ~ O(1). Therefore, the spin-orbit interaction
is not ~ 1/R as one might conclude from (C13) but has
a weight ~ O(1). This makes analytical treatments as
function of the cutoff Nz rather difficult and requires
a careful study of convergence in numerics. The data
shown in this paper were calculated with cutoffs N, = 10
and Nz = 150 and it was verified that they were already
converged with respect to both cutoffs.

Appendix D: Tight-binding numerics

To set up the numerics on a discrete two-dimensional
quadratic lattice with lattice spacing a, we first consider
zero flux f = 0 and replace in the low-energy regime the
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momentum dependent terms in the Hamiltonian Hy by

4 —>/Bzdk|k><k|{ 2 —5 (cos kg + cosky) + ;(}),)
1

1
s-p— / dk|k) (k|- (spsink, + sy sink,) , (D2)
1.B.Z a

where k = (k;, k,) denotes the dimensionless quasimo-
mentum vector with —m < kg, < 7 defining the first
Brioullin zone (1. BZ.). Here, we have used the plane
wave states

(D3)

[k

1 .
)= o 2L Iney)
N,y

where |n) denotes the state with an electron on lattice
site n = (ng,ny), with ny , = 0,£1,4+2,....

To obtain the tight-binding Hamiltonian in real space
representation we use

Z In+e;,)(n|+hc = 2/

dk cos(kz y)|k) k|,

1.B.Z
(D4)
zzn: In+e,,)(n|+he =2 /1.B.Z disin(k, ) |k) (k| ,
(D5)
(D6)

where e, = (1,0) and e, = (0,1). Inserting these rela-
tionships in (D1) and (D2), we find for the Hamiltonian
(14) at zero flux the nearest-neighbor tight-binding model

Hy=—to.Y > (n+e;)n|+hc) (D7)
n i=z,y
(107
+ 5.0 zn: Zy (sijm +e;)(n| — h.c.) (D8)
1
+ (4t =)o, + §9MBB'S7 (D9)

with ¢ = 1/(2m*a?). For the case of strong spin-orbit in-
teraction as considered in the present work, the spin-orbit
length A is the smallest length scale in the continuum
model. Therefore, we choose the lattice spacing a in the
discretized model of the order of the spin-orbit length
a ~ Aso ~ 1/(am*), which gives

t=1/(2m*a®) ~ E, . (D10)
In the presence of a finite flux f we use
Hp = e U9 Hyell? (D11)

which leads to the following change of the tight-binding
Hamiltonian

n)(m[ — e/ 2¢nmn) (m|, (D12)



where Apnm = ¢n — ¢¥m mod(27) and 0 < @, < 27
denotes the polar angle (measured relative to the posi-
tive z-axis in anti-clockwise direction) of the lattice site
at position x = a(ng,n,) (hereby, we assume that no
lattice site is located on the z-axis). In order to get the
total phase factor e~**"f when hopping in a closed loop
anti-clockwise around the origin we have to choose the
mod(27)-contribution equal to 27w (—27), when the hop-
ping occurs in y-direction at > 0 in positive (negative)
y-direction. With this definition it is guaranteed that
|Apn,m| < 7 is always the smallest possible one.

We note that the tight-binding model fulfils exactly the
same symmetries (inversion, chiral, SUSY) as the contin-
uum model. For inversion symmetry it is essential that
the shape of the lattice is symmetric under x — —x and
for SUSY we need half-integer flux f = 1/2 and a shape
which is symmetric under both x — —x or y — —y.

Appendix E: Witten potential and zero energy wave
functions for peanut shape

In this Appendix we derive the formulas needed to cal-
culate the Witten potential V‘; and the zero energy wave

functions w‘(,g)i for a surface of peanut shape. From the
construction shown in Fig. 16 we see that the peanut
shape is completely determined by the three parameters
R1, Rs and zg. The point with §; = Rsy determines the
position on the surface where the curvature changes dis-
continuously from #; = —1/Ry to Ky = 1/R;. This gives
rise to discontinuities in the Witten potential which can
be washed out and do not influence the low-lying states
too much if the radia R; 2 < 1 are large enough. The
angle v is determined from

xo + Ro
s Ry + Ry (1)
The Witten potential follows from the formulas

Vit (31) = Ezn(3:)° = 2E7,,(30) (E2)

~ 1
Ezn(5t) = = sind(5), (E3)

%

- ~ R (8 -

Ey .(51) = =2 tz(z 1) cos 9(8¢) , (E4)

B

where the angle ¥(8;) of the normal vector e, with the
x-axis and the curvature &¢(5;) = d%tﬂ([ét) fulfil the sym-
metries

IG5 =7 —0(L/2—5) = fﬁ(i —5), (E5)
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which lead to the relations

EZ,n(gt) = EZ,n(z’/Z - §t) = _EZ,n(-Z/ - gt) ’ (E7)
Therefore, it is sufficient to know 9J(5;) and #(5;) in the
regime 0 < §; < L/4. For the total length L we obtain

L =4(Ry + Ry)y+ 2nR; . (E9)
For 0 < 5; < E/ 4, a straightforward analysis gives for

9(8;) the result

—§t/R2 for 0<§t<}~227
- [gt (R + Rm} /Ry for Ro~y <3 <L/4’

(E10)
and from the derivative we find for the curvature
—1/Ry f 5 < R
Re(3) = [Fo for 0<& <My (E11)
1/R1 for R27<8t<L/4

From (E10), (E3) and (230), we can also calculate the
function F(5;) entering the zero energy wave functions
I(/g)i(@) of the Witten Hamiltonian via (229). Using
the symmetries (231) and (232), we get
F(3,)=—F(L/2—53)=F(L—3). (E12)
Therefore, it is sufficient to calculate F'(s;) for 0 < §; <
L/4. Using R(3;) = —R(—3¢), we can replace the lower
integration limit in (230) by L/4 and find

1

L/4 _
F(5) = -+ / d3, Ey(3)). (B13)

2

Therefore, for 0 < 5 < L/4, we need the function

Eyz,(5;) only in the same regime. Inserting (E3) and
(E10) in (E13) we find for 0 < §; < Ra7y

1
B = op

> {RQ cos (;) — (Ry +R2)Cosy} , (B14)

2

and for Roy < § < f//4



47

[1] G. Junker, Supersymmetric Methods in Quantum, Statis-
tical and Solid State Physics, 2053-2563 (IOP Publishing,
2019).

[2] F. Cooper, A. Khare, and U. Sukhatme, Supersymmetry
in Quantum Mechanics (WORLD SCIENTIFIC, 2001).

[3] B. K. Bagchi, Supersymmetry in quantum and classi-
cal mechanics (Chapman & Hall/CRC, Monographs and
Surveys in Pure and Applied Mathematics, 2001).

[4] E. Witten, Nuclear Physics B 188, 513 (1981).

[5] B. Thaller, The Dirac Equation (Springer Berlin Heidel-
berg, Berlin, Heidelberg, 1992).

[6] O. Pankratov, S. Pakhomov, and B. Volkov, Solid State
Communications 61, 93 (1987).

[7] M. Ezawa, Physics Letters A 372, 924 (2008).

[8] M. Tomka, M. Pletyukhov, and V. Gritsev, Scientific
Reports 5, 13097 (2015).

[9] T. Grover, D. N. Sheng,
344, 280 (2014).

[10] P. Ponte and S.-S. Lee, New Journal of Physics 16,
013044 (2014).

[11] G. Queralté, M. Kremer, L. J. Maczewsky, M. Heinrich,
J. Mompart, V. Ahufinger, and A. Szameit, Communi-
cations Physics 3, 49 (2020).

[12] W. A. Benalcazar, B. A. Bernevig, and T. L. Hughes,
Science 357, 61 (2017).

[13] W. A. Benalcazar, B. A. Bernevig, and T. L. Hughes,
Phys. Rev. B 96, 245115 (2017).

[14] Z. Song, Z. Fang, and C. Fang, Phys. Rev. Lett. 119,
246402 (2017).

[15] J. Langbehn, Y. Peng, L. Trifunovic, F. von Oppen, and
P. W. Brouwer, Phys. Rev. Lett. 119, 246401 (2017).

[16] M. Geier, L. Trifunovic, M. Hoskam, and P. W. Brouwer,
Phys. Rev. B 97, 205135 (2018).

[17] S. Imhof, C. Berger, F. Bayer, J. Brehm, L. W.
Molenkamp, T. Kiessling, F. Schindler, C. H. Lee,
M. Greiter, T. Neupert, and R. Thomale, Nature Physics
14, 925 (2018).

[18] F. Schindler, A. M. Cook, M. G. Vergniory, Z. Wang,
S. S. P. Parkin, B. A. Bernevig, and T. Neupert, Science
Advances 4, eaat0346 (2018).

[19] L. Trifunovic and P. W. Brouwer, Phys. Rev. X 9, 011012
(2019).

[20] A. Khare and U. Sukhatme, Journal of Physics A: Math-
ematical and General 37, 10037 (2004).

[21] N. Arenas Sierra, Supersymmetric Quantum Mechanics
with periodic potentials, Master thesis, Friedrich-Schiller-
University Jena, 2020.

[22] M. Razavy, Physics Letters A 82, 7 (1981).

[23] J. Ulrich, I. Adagideli, D. Schuricht, and F. Hassler,
Phys. Rev. B 90, 075408 (2014).

[24] F. Venn, Algebraic Methods for the 1D Schrédinger Equa-
tion, Master thesis, RWTH Aachen, 2018.

[25] K. Shiozaki and M. Sato, Phys. Rev. B 90, 165114 (2014).

[26] B. A. Bernevig, T. L. Hughes, and S.-C. Zhang, Science
314, 1757-1761 (2006).

[27] E. Khalaf, Phys. Rev. B 97, 205136 (2018).

[28] Y. Ren, Z. Qiao, and Q. Niu, Phys. Rev. Lett. 124,
166804 (2020).

and A. Vishwanath, Science

[29] K. Laubscher, D. Loss, and J. Klinovaja, Phys. Rev.
Research 1, 032017(R) (2019).

[30] K. Plekhanov, M. Thakurathi, D. Loss, and J. Klinovaja,
Phys. Rev. Research 1, 032013(R) (2019).

[31] Y. Volpez, D. Loss, and J. Klinovaja, Phys. Rev. Lett.
122, 126402 (2019).

[32] K. Laubscher, D. Chughtai, D. Loss, and J. Klinovaja,
Phys. Rev. B 102, 195401 (2020).

[33] K. Laubscher, D. Loss, and J. Klinovaja, Phys. Rev.
Research 2, 013330 (2020).

[34] K. Plekhanov, F. Ronetti, D. Loss,
Phys. Rev. Research 2, 013083 (2020).

[35] K. Plekhanov, N. Miiller, Y. Volpez, D. M. Kennes,
H. Schoeller, D. Loss, and J. Klinovaja, Phys. Rev. B
103, 1L.041401 (2021).

[36] M. Combescure, F. Gieres, and M. Kibler, Journal of
Physics A: Mathematical and General 37, 10385 (2004).

[37] S. Durand and L. Vinet, Physics Letters A 146, 299
(1990).

[38] J. Beckers and N. Debergh, Modern Physics Letters A
04, 2289 (1989).

[39] J. Beckers and N. Debergh, Journal of Mathematical
Physics 31, 1513 (1990).

[40] A. Marrazzo, M. Gibertini, D. Campi, N. Mounet,
and N. Marzari, Nano Letters 19, 8431 (2019), pMID:
31658415.

[41] M. Koénig, S. Wiedmann, C. Briine, A. Roth, H. Buh-
mann, L. W. Molenkamp, X.-L. Qi, and S.-C. Zhang,
Science 318, 766 (2007).

[42] 1. Knez, R.-R. Du, and G. Sullivan, Phys. Rev. Lett.
107, 136603 (2011).

[43] R. Wu, J.-Z. Ma, S.-M. Nie, L.-X. Zhao, X. Huang, J.-X.
Yin, B.-B. Fu, P. Richard, G.-F. Chen, Z. Fang, X. Dai,
H.-M. Weng, T. Qian, H. Ding, and S. H. Pan, Phys.
Rev. X 6, 021017 (2016).

[44] N. Goldman, I. Satija, P. Nikolic, A. Bermudez, M. A.
Martin-Delgado, M. Lewenstein, and I. B. Spielman,
Phys. Rev. Lett. 105, 255302 (2010).

[45] B. Béri and N. R. Cooper, Phys. Rev. Lett. 107, 145301
(2011).

[46] M. C. Beeler, R. A. Williams, K. Jiménez-Garcia, L. J.
LeBlanc, A. R. Perry, and I. B. Spielman, Nature 498,
201 (2013).

[47] X. Peng, Z. Luo, W. Zheng, S. Kou, D. Suter, and J. Du,
Phys. Rev. Lett. 113, 030404 (2014).

[48] We use here the standard nomenclature of SUSY-
representations, see, e.g., Ref. [36]. Here, n =r (N =r)
is a realization with r hermitian (nonhermitian) super-
charge operators together with an involution, whereas
m =r (M = r) is a realization with r hermitian (non-
hermitian) supercharge operators without an involution.

[49] Supplemental Material where we present (1) a comparison
of the numerical and analytical results for the topologi-
cal states at the inner surface of a Corbino disc, and (2)
demonstrate numerically that no center states are present
for a disc in the Weyl phase for weak Zeeman field, pro-
vided that the radius of the disc is large enough.

[50] C.S. Weber, J. Kélber, et al., in preparation.

[61] Z. Hou, et al., in preparation.

and J. Klinovaja,



2212.01307v1 [cond-mat.mes-hall] 2 Dec 2022

arXiv

Second-order topology and supersymmetry in two-dimensional topological insulators:
Supplemental material

Clara S. Weber,? Mikhail Pletyukhov,! Zhe Hou,> Dante M.

Kennes,* Jelena Klinovaja,® Daniel Loss,?

and Herbert Schoeller!: *

Institut fiir Theorie der Statistischen Physik, RWTH Aachen, 52056 Aachen,
Germany and JARA - Fundamentals of Future Information Technology
2 Department of Physics and Astronomy, University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA
3 Department of Physics, University of Basel, Klingelbergstrasse 82, CH-4056 Basel, Switzerland
*Maz Planck Institute for the Structure and Dynamics of Matter,
Center for Free Electron Laser Science, 22761 Hamburg, Germany
(Dated: December 5, 2022)

I. WEYL PHASE FOR SMALL MAGNETIC
FIELDS

To substantiate the analytical result that topological
hole states will not exist for a Corbino disc in the Weyl
phase by numerical results, we show in Fig. 1 the four
wave functions of lowest absolute value of the energy for
a disc in the Weyl phase for increasing value of the radius
of the disc. For small radius it seems as if a center state
is present, but this state moves to the outer surface if the
square root of the radius of the disc exceeds significantly
the magnetic length. This is consistent with the analyti-
cal theory which predicts an additional topological state
at the outer surface in the regime of strong localization

ZB << \/R>.

II. TOPOLOGICAL STATES FOR CORBINO
DISC: COMPARISON BETWEEN NUMERICS
AND ANALYTICS

Here we compare the analytical and numerical results
for the topological states of a Corbino disc in the topo-
logical phase. There are four topological states 1), in the
transformed basis, labelled by chiral symmetry s = +1
and SUSY u = +1, two at the outer surface (s = —u =
+1) and two at the inner surface (s = u = +1). Since
gy and 1/_1_57_71 are related by the inversion symmetry,
we concentrate on the two states with chirality s = +1,
localized around the polar angle ¢ = 0.

The analytical formulas for ¥ 41 (7, ; 0., s, have been
provided in Section IV.E of the main text as function of
the radial coordinate 7 = r /Ay, the polar angle ¢, and
the spinors o, and s,. Omitting the normalization factor,
we obtained

V1,41(F, 0,02, 85) ~
0 1 A(E1) oy —
N<1)O_ <:F].>s X—‘,—,n (7")6

with A@z = ZB/

i(e/Ae2)* (1)

A(i1)<7~,) - eﬂ};i”(f—fg)

Xin _ ek -Rs)  (9)

s=-1, u=1
R. =10:

s=-1, u=-1 s=1, u=-1 s=1, u=1

\)“”“
100

—100 —100 100
\0 100100 0 100—100 £ 0 100— l[][] 0 100—100° ~y

Ea 3 F

FIG. 1. The wave functions 3 |Psu (2, y; 02, 85)|? as func-
tion of Z = x/Aso and § = y/Aso of the four states with lowest
absolute value of the energy for a disc with various radius R
and zero hole radius R< = 0 at half-integer flux f = 1/2 in

the Weyl regime 5 =0and s = 5. As one can see two of the
center states with s = u = £1 move to the outer surface when
R> is sufficiently large such that +/ R exceeds significantly

I5.

and

. =1 ford > 14 u/i3

R = iu+ /18— 1 —u/l2 0 B

/2 = | u/ls| iu for d <1+u/l%
(3)
Using the tight-binding approach for a Corbino disc
with R~ = 45 and R = 20, we show in the left/right

parts of Fig. 2(a) the absolute value squared of the two
topological states averaged over the spinor degrees of
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FIG. 2. Left/right part: The comparison between the analytical form (1) and the tight-binding numerics for the inner/outer
topological state 11 +1. (a) p1,+1 as defined in (4) as function of the lattice sites labelled by (#,%). (b) The absolute value
of the wave function |11, +1(n)| with the index n accounting for both the position and spinor component. Here, the labelling
(1,2,3,4) corresponds to (02,s:) = (1,1), (1, —-1),(—1,1), (-1, —1). (c) The fitting for the radial dependence |)A(S_irll)(f')| between
the analytical form (2) and the tight-binding result, where the polar angle is fixed to ¢ = 0. (d) The fitting for the angular
dependence FS(p) between the analytical result (6) and the tight-binding result, where the radial coordinate is fixed to

7 = 22/45. The other parameters in the tight-binding calculation are: Rs =45, Rc =20, 6 =0.5,lp =2, and f = 1/2.

freedom where (Z,¢) are the coordinates of the lattice sites, and
FE(p) ~ e 30002 (6)

Fixing either the polar angle to ¢ = 0 or the radial coor-
dinate to 7 = 22/45 for the inner/outer state, we find in
Fig. 2(c,d) a very good agreement between the numeri-
cal and analytical results for both the radial and angular
P 41(Z,9) = Z 1,41 (F, 5 02, 52) |2 (4) dependence of the wave .functions. To check t.he spinor
dependence we show in Fig. 2(b) also the four spinor com-

02,5z
(D) g2 oS ponents of the wave functions for each fixed lattice site.
~ X5 (DT FE(e), () The results are consistent with the analytical predictions.
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