PHYSICAL REVIEW B 106, 195143 (2022)

Real-space obstruction in quantum spin Hall insulators
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The recently introduced classification of two-dimensional insulators in terms of topological crystalline in-

variants has been applied so far to “obstructed” atomic insulators characterized by a mismatch between the
centers of the electronic Wannier functions and the ionic positions. We extend this notion to quantum spin Hall
insulators in which the ground state cannot be described in terms of time-reversal symmetric localized Wannier
functions. A system equivalent to graphene in all its relevant electronic and topological properties except for a

real-space obstruction is identified and studied via symmetry analysis as well as with density functional theory.
The low-energy model comprises a local spin-orbit coupling and a nonlocal symmetry breaking potential, which
turn out to be the essential ingredients for an obstructed quantum spin Hall insulator. An experimental fingerprint
of the obstruction is then measured in a large-gap triangular quantum spin Hall material.

DOLI: 10.1103/PhysRevB.106.195143

I. INTRODUCTION

Insulating phases of matter are categorized based on topo-
logical properties of their band structures [1-5]. In trivial
insulators the valence bands are adiabatically connected to
an atomic limit and exponentially localized Wannier functions
must exist [6,7]. Hence, in the absence of a Wannier represen-
tation, the corresponding phase is topologically nontrivial as,
for instance, the case of quantum spin Hall insulators (QSHIs)
in the presence of time-reversal symmetry [8—12]. The bulk-
boundary correspondence guarantees that QSHIs possess
gapless anomalous boundary modes, whose spin-momentum
locking and topological robustness are particularly attractive
for spintronics applications [5,13]. A subset of all possible
nontrivial phases can be identified by means of the topological
quantum chemistry (TQC) approach. This relies on symmetry
indicators, that reveal the existence or lack of elementary band
representations [14—18].

Recently, a further real-space classification has been put
forward for trivial insulators. Depending on the spatial lo-
calization of the Wannier centers for the valence bands
with respect to the underlying ions’ lattice positions, one
distinguishes between conventional and “obstructed” atomic
insulators [14,15,17-21]. In the latter ones, at least one of the
Wannier functions is displaced away from the lattice-site posi-
tions, leading to interesting effects in open boundary condition
geometries, such as metallic interface states or higher-order
topological phases in 2D [22-30]. Provided that, in a specific
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case, symmetry indicators do exist, obstructed atomic insula-
tors can then be unambiguously determined with TQC, at odds
with the identification of nontrivial Z, phases where TQC can
predict false negatives [15,17].

Extending the concept of real-space obstruction to QSHIs
would constitute an intriguing step. This is conceptually
possible since symmetry-protected topological phases lack
a Wannier representation only when using Wannier func-
tion basis sets that preserve the protecting internal and/or
point-group symmetries. A description of a QSHI break-
ing the requirement that Wannier functions must come in
Kramers’ degenerate pairs is therefore completely allowed.
This has been in fact successfully achieved by Soluyanov and
Vanderbilt in Ref. [11]. Note that the symmetry character of
the electronic band cannot diagnose the charge centers of such
Wannier functions. The Kramers’ degeneracy of the electronic
bands cannot be removed while preserving the time-reversal
symmetry of the full many-body ground state. Therefore, the
construction of physical elementary band representations at
the basis of TQC always reduces to Wannier Kramers’ pairs.

The localized Wannier functions for a QSHI insulator orig-
inally introduced for the Kane-Mele model in Ref. [11] are
centered on the two inequivalent sublattices of the honeycomb
net. As we show here, a graphene-like band structure can
be also realized by chiral orbitals on a triangular lattice. It
turns out that the local degrees of freedom play the role of
the sublattice isospin of the Kane-Mele model for single p,
or s orbitals. We find that, despite the existence of a formal
mapping between these two realizations of Dirac fermions
at the valley momenta, the triangular QSHI can be topolog-
ically distinct from graphene. The difference is precisely the
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real-space obstruction as the Wannier functions of the valence
bands are localized away from the triangular atomic positions.
The Wannier centers form, in turn, a honeycomb motif as
they are placed in the void spaces between the atoms, as we
show by applying the Soluyanov-Vanderbilt construction to
our triangular QSHI.

As we elaborate below, there is an additional physical prop-
erty distinguishing the two models. This regards the locality
of the SOC term that is of second-nearest-neighbor nature in
graphene but local in the triangular multiorbital QSHI. This
has a profound impact not only on the size of the gap in
material realizations of our model but also on the real-space
obstruction.

In this paper we hence discuss a mapping between the
valence states of a honeycomb and triangular lattice and
show how this relies on the fact that a certain wave function
symmetry may be represented by basis sets being localized
on different Wyckoff positions. Such mapping is, however,
a momentum-dependent concept and by determining the as-
sociated absence or presence of a real-space obstruction, we
elevate its significance to the entire Brillouin zone (BZ). We
develop this idea for hexagonal and trigonal space groups,
for which we show the equivalence of the Dirac fermions at
the valley momenta K/K’. By embedding them in a simple
tight-binding model in the whole BZ, we unveil the real-
space obstruction that emerges in the triangular case only.
Further, we give full support to our theoretical findings by
means of scanning tunneling microscopy (STM) and angle-
resolved photoelectron spectroscopy (ARPES) measurements
on a recently synthesized material [31,32]. In the final part,
we elaborate on the local orbital angular momentum (OAM)
polarization, a decisive difference between the Kane-Mele
model and the triangular QSHI besides the real-space obstruc-
tion, which also propagates into the edge states.

II. EQUIVALENT BLOCH WAVE FUNCTION
REPRESENTATIONS

The honeycomb and the triangular lattices share the same
wallpaper group p6m. The former is bipartite with orbitals
located at the Wyckoff positions 2b = {A = (1/3,2/3),B =
(2/3,1/3)} [33], while the site of the triangular lattice is
positioned at 1a = (0, 0) [34]. Here, we will be focusing on
the following comparison: The 2b basis site of the honeycomb
with A and B sublattices [orange and green open circles in
Fig. 1(a)] on the one hand and, on the other hand, the tri-
angular lattice with its single site (filled black circle) in the
unit cell. The former has one orbital with magnetic quantum
number my, = 0 per site while the latter is equipped with
two chiral orbitals with m; = £m on each atom. The different
dimension of the orbital (flavor) subspaces ensures the same
number of degrees of freedom between the two situations.

As we are going to elaborate in this paper, these two lattices
possess different electronic band structures but their Bloch
eigenstates become indistinguishable at two special points
in the BZ: the valley momenta K = (1/3,1/3) and K’ =
(—1/3, —1/3). Moreover, the charge density profile from the
eigenvectors at K and K’ prescinds from the basis. In fact,
regardless of having single orbitals at the 2b positions or two
chiral flavors located at the 1a site, the valley charge arranges

(0,1) (1,1)
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FIG. 1. (a) Wyckoff positions in the hexagonal unit cell giving
rise to the triangular and honeycomb lattices. The former is made of
the filled black circle at 1a, while the latter by the orange “A” and
green “B” open circles at 2b. A different Bloch phase exp(ik - R)
(purple, yellow, and cyan colors) calculated at k=K or K’ is assigned
to each unit cell (diamond shapes). The filled-black circle in the
center corresponds to R = (0, 0) and represents the atom assigned
to the purple unit cell). (b) Interference between orbital and Bloch
phases. The blue arrow shows how the phase of the chiral orbitals
sitting at the R positions of the triangular lattice winds going around
the A/B points. In red we denote instead the contribution from the
Bloch phases along the same path. For this specific example, we have
chosen an orbital with m mod 3 =1 at K.

spatially to form a honeycomb connectivity on the 2b Wyckoff
positions A and B. Such a pattern does not come as a surprise
in the case of the honeycomb lattice where the atoms are
indeed occupying the positions where the charge accumu-
lates. On the contrary, it is less obvious to see how chiral
orbitals on a triangular lattice can form an electronic motif
centered on the voids, i.e., on the orange and green open
circles in the two triangles of Fig. 1(b). This may be suggestive
of a real-space obstruction in the triangular lattice, which we
will more formally elaborate on in the next sections.

The similarity of the aforementioned basis sets at the valley
momenta can be understood by means of a simple interference
argument. Let us consider a Bloch wave function at a given
momentum Kk,

W(r) = (r| W) = Y e R (rlmg), ()

R

where |mg) is an orbital with magnetic quantum number m
located in the unit cell corresponding to Bravais point R. To
prove the equivalence of different choices of the basis set
for Eq. (1) at the valley momenta, we must show that the
corresponding Bloch wave functions have identical characters
under the symmetry classes of the corresponding little group.
Focusing on the C; rotation, the character E of the Bloch
wave function of Eq. (1) arising from an orbital m at Wyckoff
position x is given by

E(Cs,m, X, k) = ¢(C3, X, K) 3 (C3). @

¢(C5, x,Kk) and x,,(C;3) denote, respectively, the characters
of the Bloch phase and of the orbital m under a C; rota-
tion. As the triangular Wyckoff position 1a is located at the
origin (black-filled dot), its Bloch phase remains invariant.
Therefore, the character E of the full Bloch wave func-
. . . . 2

tion is given only by the orbital part x,(C3) = e'3™ = ™.
For the honeycomb positions, instead, a C; rotation around
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la translates A and B into the corresponding ones in neigh-
boring unit cells, as illustrated in Fig. 1(a). This results in a
Bloch phase difference at A and B of

9(C3, Ak = {KIK'}) = 0™ = 0™, 3)

¢(Cs, B,k = {(KIKK'}) = 0T, )

This phase difference is reflected in the opposite sequences of
colors under the effect of C; rotations depending on the valley
momenta, as shown in Fig. 1(a).

By taking into account this additional “Bloch angular mo-
mentum” 7y x = =1, we obtain the condition under which
both Bloch wave functions have the same C; character,

0 = (m; — mp. —ixx) mod 3. 4)

This implies that any Bloch wave function of a chiral orbital
m; mod 3 # 0 on the triangular lattice transforms identical
as one of my, mod 3 = 0 orbitals located at the A/B honey-
comb sites.

Having established the equivalence on the level of the
Bloch wave function symmetry, we turn now to the honey-
comb connectivity in the triangular lattice. This results from
a wave function interference at the A/B sites, as shown in
Fig. 1(b): The chiral flavors m, on the triangular sites (filled-
black circles) contribute to the Bloch wave function with their
lattice and orbital phases. Evaluating the corresponding valley
state from Eq. (1) at points A and B in real space, one gets

(r = {A,B}[Wy_xx)) o Y _ ™R (r|mp) 6)
R

2
x Z[a)lﬁr‘k . a)m,]n (7)
n=0

= 38ty s -+m,)mod3,0 (8)

where 77, i reflects the winding of the Bloch phase around the
considered honeycomb site at a given valley momentum. In
Eq. (7) we have restricted ourselves to the shell of first nearest-
neighbors but the argument remains valid if farther shells are
included. Indeed, these come in groups of triangular triplets
and exploits their C; symmetric arrangement, as shown in
Fig. 1(b) for the first-nearest neighbors.

As a result, what dictates the constructive or destructive
interference for a Bloch wave function on the triangular lattice
at the A/B sites is the total angular momentum M = 7, x +
my,. Thus, the charge density is finite when total invariance
under C3 symmetry can be achieved, i.e., at the A or B position
where the total M either vanishes or is a multiple of 3,

_ 2J>0, ifM mod3=0
IWi—(k ) (r = {A, B})| {: 0, ifMmod3#0 O

At the valley momenta, a pair of chiral orbitals +m at the la
triangular sites can hence contribute to the electronic charge
density at the 2b positions A/B. Depending on the com-
bination of local angular momentum and lattice phase, the
interference in A or B can indeed be constructive, as illus-
trated in Fig. 1(b). This results in an electronic honeycomb
connectivity on the 2b Wyckoff positions. Specifically, for
a pair of chiral orbitals py = (p, + ipy)/\/z with m = £1

localized at the 1a site, Eq. (9) gives that p,(p_) localizes at
A(B) and B(A) for the valley momenta K and K’, respectively.

III. VALLEY HAMILTONIAN

In Sec. I, we have established the conditions leading
to a charge profile spatially displaced with respect to the
atomic positions. Here, we derive the time-reversal symmetric
Hamiltonian for a chiral doublet at the valley momenta, where
this interference phenomenon is active. Based on a group-
theory analysis, we describe the consequences of spin-orbit
coupling and in-plane inversion symmetry breaking (ISB),
which corresponds to considering the A and B positions in
Fig. 1 inequivalent. Finally, we establish a formal mapping at
K and K’ between the triangular chiral wave functions and the
basis describing graphene-like systems within the Kane-Mele
model.

In the freestanding triangular lattice, the little group of
the K/K’ points is given by Dj, [36]. This comprises
one threefold vertical rotation axis, three twofold horizontal
rotation axes, three vertical reflection planes, and the hori-
zontal reflection plane. As shown in the character Table I,
its two two-dimensional representations promote symmetry-
protected twofold-degenerate states, and these give rise to
Dirac points.

Upon introducing SOC, the little group of K/K' is the dou-
ble group D%, of D3, which contains only two-dimensional

spinor representations. Assuming local atomic SOC [-§act
ing on any basis function pair of Dj3, (Table I), the valley
Hamiltonian is given by

H5°C = AsocL - § = AsocL. ® 8., (10)

with £ and § denoting the orbital and spin angular momentum
operator, respectively. The twofold-degenerate valence and
conduction eigenstates of Eq. (10) are

E,: |W,) =

Jo = Flm| £ 3), (11)
E:  |Wo) =|j: = £lm| £ 3). (12)

As positive and negative m quantum numbers contribute to
both valence and conduction eigenstates, the pairs of degener-
ate eigenvalues localize on both A /B sublattices resulting in a
honeycomb-type charge pattern.

Of central importance to our analysis, is the symmetry
reduction induced by a breaking of the in-plane inversion
(A and B inequivalent). The absence of the three vertical
reflection planes results in the little group Cs; [37] and the
above-mentioned twofold representations split up into pairs
of chiral one-dimensional representations (see Csj, in Table I).
Hence, in each spin sector, the low-energy Hamiltonian of
ISB-split Dirac states can be parametrized by the z component
of the orbital angular momentum operator L.,

ASB(K/K') = +AssL,. (13)

The =+ sign in Eq. (13) is a consequence of K and K’ being
time-reversal partners and Ajsg denotes the strength of the
ISB. Equations (9) and (13) imply that for a given band the
charge localization on A and B is valley independent.
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TABLE 1. Character table of the two-dimensional representations of point group D3, and the corresponding complex-conjugate paired
one-dimensional representation of its subgroup Cj;, [35]. w is given by exp(i27 /3). The symmetry operations are threefold rotations around
the vertical axis (C3), twofold rotations around the horizontal axis (C}), horizontal (o) and vertical o, reflections and improper rotations around

the vertical axis (S).

Two-dimensional representations of Dy,

Representation 1 2G; 3G oy PAY 30, Orbital basis
E’ 2 —1 0 2 —1 0 (sz py)s (dxz—yz’ dX,V)’ (fxzz’ f;’zz)
E" 2 -1 0 -2 1 0 (dxz» dyz)a (f;ryza fz(x27y2))

Chiral one-dimensional representations of Cs,

Representation 1 C! C? o Si S3 Orbital basis
E’ 1 w w* 1 w w* D+1.d-2, fi1
1 " w 1 " w p-1,dy2, [
E" 1 w w* —1 —w —* diy, fo2
1 w* w -1 —o* —w d_y, fi2

The combined action of ISB and SOC determines the val-
ley eigenspectrum,

Hmang(K/K/) — ﬁSOC + ﬁISB(K/K/)
=L, ® (AsocS: £ AispSo), (14)

where Sy is the 2x2 identity matrix. The relative strength of
Arse and Agoc dictates the gap and, in turn also the pattern of
charge localization. In the large Aisp limit, the charge density
from the two valence eigenstates localizes on only one of
the two void positions (A or B) of the triangular lattice (as
stated above, independently on the valley). In contrast, in the
Asoc-dominated case, those two eigenstates contribute to the
charge localization at both void positions A and B. Moreover,
according to Eq. (9), each eigenstate contributes just to one
void (either A or B).

This competition is in close analogy to the Kane-Mele
model for graphene upon replacing the concept of voids with
the sublattice degree of freedom. There, a large Semenoff
mass favors a staggered charge density profile driving the
system towards a topologically trivial phase. Not being adia-
batically connected to this atomic limit, the nontrivial ground
state necessarily inherits instead contributions from both sub-
lattices [2,38].

To put this equivalence on formal grounds, we derive in
Appendix A a valley-dependent unitary transformation map-
ping the chiral basis on the triangular lattice used in Eq. (14)
(e.g., {p+, p—}) onto the sublattice subspace of the honey-
comb {A,B}. This reads

A 1 0 & N 0 1 a
UK = (O 1) ®SOa UK’ = (1 O) ®S()a (15)

and transforms the Hamiltonian in Eq. (14) onto
I_?KM (K/K/) — 011/K,I_'itriang (K/K/)UK/K’
= +hsocT: ® 8; + MispT: ® So. (16)

where T denote Pauli matrices representing the sublattice
degree of freedom. To give specific examples, a {p, p_}
basis can be mapped onto a {sa, sg}-like honeycomb basis
located on the sublattices A and B. A p,-like graphene basis
would be instead obtained starting from a triangular dy =

(dy; £ idy;)/ V/2 basis (odd under reflections with respect to
the horizontal plane, see Appendix A).

The local atomic SOC term of the triangular basis is hence
transformed into a nonlocal Kane-Mele-type SOC interaction,
while the valley-dependent triangular ISB term turns into a lo-
cal staggered potential/Semenoff mass [2,38]. It is interesting
to note, that the strength of the Kane-Mele SOC interaction
in Eq. (16), which in graphene-type systems originates from
intrinsically weak second-neighbor processes, is here as large
as the local atomic SOC [31,39].

We have therefore proven the existence of a transformation
between the honeycomb and the triangular basis sets. For the
latter, we will now show that not only does the interference
mechanism displace the charge centers away from the atomic
positions when focusing on the valley momenta, but we can
even define localized obstructed Wannier functions for the
whole BZ. While the existence of such Wannier functions
does not come as a surprise when the ISB term is large and the
system is a trivial insulator [30], the possibility of constructing
them in the SOC-dominated nontrivial limit is by no means
obvious.

IV. OBSTRUCTED QSH INSULATOR

We start from the simplest tight-binding description of
a p-shell on the triangular lattice possessing only nearest-
neighbor hopping. In addition to the Dirac point at K/K’,
the Hamiltonian for {p,, p_} orbitals displays twofold-
degenerate eigenvalues also at the I point, making the band
structure inevitably metallic [40], as shown by the green bands
in Fig. 2(a). This is therefore different from typical graphene-
like systems (two sublattices and one orbital per site only),
in which the Dirac cone lives in an otherwise already gapped
band structure. This situation is not changed qualitatively by
the p, (m = 0) orbital, shown by red solid lines in Fig. 2,
which introduces additional crossings between the in-plane
and out-of plane degrees of freedom. However, an insulating
v = (0 ground state can be stabilized in the presence of local
SOC (see dashed bands in Fig. 2) as this couples the two
subspaces, gapping out all low-energy degeneracies.

The band crossing marked by the dashed-vertical line ap-
proximately halfway between I and K, which has turned into
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FIG. 2. Band structure of the {p., p.} model on the freestanding
(a) triangular lattice and in the absence of a mirror symmetry with
respect to the horizontal plane (b). The color code of the solid lines
denotes the orbital character for the model without SOC while the
bands with SOC are plotted with thick-dashed lines. The thin-dashed
vertical lines indicate the position of the p.-p, degeneracy (in the
absence of SOC and mirror symmetry breaking) and the inset to
(a) shows the path in the BZ. The insulating phase with SOC for
the freestanding case, see thick-dashed line in (a), is topologically
trivial (v = 0) whereas, the concomitant presence of SOC and of the
mirror symmetry breaking, thick-dashed lines in (b), turns it into a
QSHI (v = 1).

an avoided crossing after having switched on SOC [black-
dashed lines in Fig. 2(a)] is strongly sensitive to the breaking
of the horizontal mirror reflection symmetry. This is apparent
by looking at Fig. 2(b). By breaking this symmetry, hop-
pings between the {p., p_} and the p, orbitals are no longer
symmetry forbidden and, as a consequence, a band structure
with Dirac cones living in a global gap can be obtained (see
Appendix B for more details on the microscopic Hamilto-
nian). This hybridization is reminiscent of Rashba systems, in
which the broken mirror symmetry allows for the overlap of
the radial in-plane and the p, wave functions by promoting in-
plane OAM polarization (see vertical-dashed lines in Fig. 2),
the OAM texture in the full Brillouin zone (BZ) is shown in
Fig. 8. Distinguishing the in-plane orbital for their tangential
and radial alignment clarifies also why one crossing in the
conduction bands remains [along TK, Fig. 2(b)] as it is due
to the tangential in-plane component [41,42].

Having defined a tight-binding model in the full BZ, we
focus in the following on the two aspects demonstrating
that the v = 1 phase of our model can be seen as a real-
space obstructed QSHI: (i) the non representability in terms
of time-reversal symmetric Wannier functions and (ii) the
displacement of the centers of a pair of Kramers-violating
Wannier functions away from the lattice positions. To this
aim, we introduce trial Wannier basis sets |t;) and calculate
the overlap matrix with the occupied Bloch bands [11],

Sij(k) = (uPX)|T)) , a7

det[S(k)]

= 0.3 (b) v=0 — §
X =1 e e
? 02 PN, V=l T
= . e |
g 01

0 | | |

FIG. 3. det[S(k)] along the diagonal of the BZ for a trial ba-
sis of |j, j;) = {|1/2, £1/2) orbitals on the triangular site (a) and
Isp?, +), lsp®, —) orbitals on the interstitial sites (b). The dashed-
vertical lines indicate the position of the crossing of the p. and the
p- band in the absence of SOC and mirror symmetry breaking.

where P is the projector onto the occupied states

N
Pl =D W) (Wl (18)

Hence, the absence of vanishing overlap eigenvalues of S(k)
in the full BZ indicates the representability of the valence
bands in terms of the Wannier trial basis.

To illustrate point (i), we construct trial functions for
the valence band of the v =0 phase, in which all low-
energy metallic band crossings are gapped by the local SOC
[see Fig. 2(a)]. First, we choose a time-reversal symmet-
ric pair of total angular momentum eigenfunctions |j, j,) =
[1/2,£1/2). As shown by the black-solid curve in Fig. 3(a),
det[S(k)] is finite everywhere, indicating the absence of
vanishing overlap eigenvalues. For a sufficiently strong in-
plane/out-of plane hybridization, i.e., in the presence of a
vertical reflection symmetry breaking, the model features a
large gap at the momenta marked by the vertical dashed lines
in Fig. 2(b), and is stabilized in a nontrivial v = 1 phase.
We have confirmed this also through an explicit calculation
of the Wilson loop eigenvalues, following Refs. [43,44]. In
this topological phase, the ground state cannot be represented
using Wannier Kramers’ pairs. The overlap indeed vanishes
at points in the BZ [see dashed red line in Fig. 3(a)]. This
happens right at the above-mentioned momenta between I'
and K at which the gap is opened by mirror symmetry
breaking (dashed-vertical lines). As shown by Soluyanov and
Vanderbilt in Ref. [11] for the Kane-Mele model, a lo-
calization can instead be achieved upon introducing two
time-reversal symmetry-violating Wannier functions

ITi) = {IA, 1x) . [B, {o)}s 19)

which are localized on the two honeycomb Wyckoff positions
with an in-plane spin-alignment in the x direction.

A representability of the valence bands of our triangular
model in this nonatom-centered Wannier basis would indicate
a real-space obstruction (i7). To account for the presence of
even and odd band character under reflections with respect to
an horizontal plane (see Fig. 2) we choose a sp, hybrid orbital
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on the A and B sites
1
V2

As shown in Fig 3(b), this trial basis results in finite overlap
eigenvalues for the v = 1 phase and overlaps for the v =0
phase, which instead vanish at points in the BZ (see also
Fig. 9). This is at odds with the case of symmetry-preserving
trial wave functions, as shown in Fig. 3(a). Again, these deci-
sive differences in det[S(k)] can be seen at the momenta of the
lifted p4-p, degeneracy, indicating its importance for the real-
space obstruction: If mirror symmetry breaking dominates
over SOC, the valence bands share the same in-plane OAM
polarization and their local orbital angular momentum vector
covers the whole unit sphere in the full BZ (see Appendix F
and Fig. 8). Hence, a trial basis on the triangular positions with
nonvanishing overlap eigenvalues cannot exist for the v=1
phase. Correspondingly to the real-space obstructed v =0
atomic insulators, we expect effects at the interfaces of two
Z,-nontrivial phases with different bulk polarization, such as
filling anomaly driven fractionally filled corner states [30,45—
47]. We comment on this further when concluding this paper.

Further it should be noted that the topological invariant
cannot be obtained from symmetry indicators [15] in the
absence of horizontal mirror reflection symmetry: despite the
different Z, invariant, both phases have identical irreducible
band representations at the high symmetry points as the gap
SOC vs mirror symmetry-breaking gap reopening occurs at
the non-high-symmetry momenta marked by the vertical-
dashed lines. Hence, the valence band representation of the
v = 1 phase is identical to the elementary band representation
of the v = 0 phase in this layer group (see also Appendix G.)

|A/B) = —=(ls) + [p:2)) (20)

V. EXPERIMENTAL CONFIRMATION
OF ORBITAL CHARACTER

In the following, we will elaborate on the consequences
of the obstruction of our model in terms of wave function
symmetry and real-space localization. This will allow us to
prove the existence of obstructed QSHIs based on experiments
on a recently discovered triangular Dirac system [31,32].

Without loss of generality, we consider hereinafter a small
ISB term [see Eq. (14)], which lifts the degeneracy of the
SOC gapped Dirac bands by promoting out-of-plane orbital
angular momentum as shown for the v = 1 phase in Fig. 4.
As a consequence of SOC, orbital and spin degrees of freedom
are mixed, therefore the valence doublet is formed by a p,
and a p_ state (see inset). This localizes at opposite A/B
positions [see Eq. (9)] resulting in a honeycomb-like electron
charge-density profile displaced from the 1a Wyckoff to the
A/B positions. This is further confirmed by the sublattice-
projected DOS in the right panel of Fig. 4. A similar band
structure has been realized in indenene [31], a p-electron
triangular monolayer of indium atoms grown on a SiC sub-
strate [Figs. 5(a) and 5(b)]. This represents therefore the
ideal system to experimentally confirm our theoretical analy-
sis. Angle-resolved photoelectron spectroscopy (ARPES) and
ab initio electronic structure of indenene, within the frame-
work of GW many-body perturbation theory, are shown in
Fig. 5(c) (for details see Appendices H, I, J and Ref. [31]).

(L) Localization
PN s— ]

v T
\)=1 |‘ "i
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& s
2 F : " I
: “
1 | :
r K M DOS(A,B)

FIG. 4. Band structure and sublattice projected DOS of the tri-
angular and Kane-Mele model in the nontrivial phase. The solid
lines/filled curve correspond to the triangular lattice, whereas the
dashed lines to the Kane-Mele model. The blue-red color code
denotes the OAM character (inset to the band structure), while
the green-orange one encodes the A/B localization. The dashed
box indicates the region shown in the inset to the sublattice
projected DOS.

One immediately recognizes the presence of all fundamental
ingredients we have introduced in Secs. I to III: A sizable hy-
bridization gap opened between the radial in-plane and the p,
band and four eigenvalues at the valley. The energy dispersion
of the Dirac fermions is attributed to the interplay between the
strong local SOC of the indium atoms (Asoc = 0.43 eV) and
the ISB, induced by the specific (T4) arrangement of the car-
bon atoms in the surface layer of SiC [see Fig. 5(b)]. Further,
the presence of the latter opens a p,-p4 hybridization gap of
approximately 1eV leaving only the Dirac bands around the
Fermi level. It should be noted that the crucial ingredient to
obtain the QSHI phase is the breaking of the mirror symmetry
with respect to the horizontal plane, while the ISB, induced by
the C atoms in the substrate, is only responsible for the small
splitting of the Dirac valley eigenvalues [31].

We address the orbital character of the bands by per-
forming orbital-symmetry selective scanning tunneling spec-
troscopy (STS), i.e., by varying the tip-to-sample distance
[48]. A measurement at large distances—main panel of
Fig. 5(d)—probes mainly the out-of-plane contribution of
the indium states. Here, striking signature of the absence of
low-energy p, states is drawn from the sudden drop of the
dl/dV signal aligning with the p.-p.-hybridization maxima
of our GW calculations [horizontal-dashed lines in panel
(c)]. Small tip-to-sample distances instead reveal also a fi-
nite local DOS (LDOS) inside the p,-p.-hybridization gap,
a clear signature of the in-plane Dirac feature contributing
to these energies [inset to panel (d)] [31]. The correspond-
ing lattice-site resolved (A, B, and T1) LDOS-mapping [see
Fig. 5(e)] shows dominant differential conductance at T1 for
>(.23 V where the steep out-of-plane onset appears in panel
(d). This is excellent agreement with our theoretical modeling
predicting a strong p, component at the same energy
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FIG. 5. Side (a) and top view (b) on the unit cell: Gray and cyan
spheres represent indium and silicon atoms, respectively. Carbon
atoms are denoted in red and the pink spheres correspond to the
hydrogen atoms used for passivation [49]; just for the clarity of the il-
lustration, we show here the topmost SiC layer only. (c) Comparison
of ARPES measurements of indenene and GyW, band structure along
the I'-K-M-I" path. (d) STS measurements stabilized at tip-sample
distance zo and z; = z,-7.8 A (inset). At z, STS is less sensitive
to in-plane states effectively probing only p.-like indenene states.
High n-type doping of the substrate shifts the valence band onset
(VBO) to approximately —300mV aligning with our ARPES data.
(e) Renormalized dI/dV signal recorded at the A (orange), B
(green), and T1 (black) site of the indenene unit cell.

[see again horizontal-dashed line between panel (c) and
(d)]. On the contrary, probing only the Dirac states between
—0.72V and 0.23 V, the charge maximum localizes at either
site A or B, displaced away from the lattice position. Given
our theoretical understanding of the interference mechanism,
this displacement, together with the large p.-p, hybridization
gap, hints at the existence of a real-space obstruction. In
particular, the charge maximum alternates between A and B
following the v = 1 energy sequence of Fig. 4 and thus puts
forward indenene as an obstructed QSHI. The correspondence
between the 2b Wyckoff positions of the two-dimensional
indium layer and the C atoms underneath might lead to the
impression that the real-space obstruction has its origin in the
atomic structure of SiC. It is instead important to notice that
this is not the case, as the off-atom centering of the Wannier
functions that we construct is present independently on the
internal structure of substrate.

VI. EDGE STATES OF OBSTRUCTED QSH INSULATORS

It has been shown that in trivial insulators the real-space
obstruction can be accompanied by the presence of in-gap sur-
face modes [19-21]. Hence, it is relevant to inspect the edge

(b)

Energy (units of )

X T X

FIG. 6. (a) Conventional unit cell (gray) and edge geometry.
(b) 2D BZ and backfolding of high-symmetry momenta to 1D slab
BZ. Edge localization (c) and OAM polarization (d) in the slab
model.

modes of the obstructed QSHI, which are guaranteed to exist
by the bulk-boundary correspondence. We will then compare
them to those of its nonobstructed analog, represented in the
present case by the Kane-Mele model.

However, before addressing a slab geometry, we first com-
pare the two models at the level of the bulk properties. This
can be done by inspecting the band structure of the two
models, which we show in the left panel of Fig. 4 for the
nontrivial phase. Close to the valley momenta, the dispersion
of the obstructed and nonobstructed QSHI show no qualitative
difference. This is true as long as nonlinear contributions for
the multiorbital triangular lattice are negligible. At higher
energies, the interplay of SOC and in-plane and out-of-plane
polarization flattens the bands. Although not directly con-
nected with the real-space obstructed nature, it is interesting to
note that this promotes van Hove singularities, which at these
energies are absent in the single-orbital Kane-Mele model (see
right panel of Fig. 4).

We now turn to the helical edge modes of the triangular
QSHI and highlight how they signal the existence of the real-
space obstruction. This manifests itself in a striking way in
ribbon geometries, considering the termination in which A
and B are located on opposite edges, see Fig. 6(a). Here, we
therefore focus on the “flat” edge on the top and bottom sides
of the sketch and do not further discuss the other “zigzag”-
like edge, shown on the left and right sides. The color and
the point size in Fig. 6(c) indicates the spatial localization of
the states on the top and bottom edges. The fact that the edge
states from opposite terminations are not degenerate indicates
how they inherit also a strong A/B localization character,
which is different due to the presence of ISB. This character is
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particularly pronounced close to the valley momenta (see also
Fig. 4), where we know from Eq. (9) that the p, Bloch states
localize at the A/B voids. Hence, we identify an observable
signature of the obstructed nature of this QSHI.

Further, differently from the Kane-Mele model where the
pure p, (m = 0) character forbids a finite OAM, the ob-
structed QSHI on the triangular lattice features edge states that
are OAM polarized, see Fig. 6(d). By moving away from the
valley momenta towards I', the p, degree of freedom in the
edge states becomes more and more dominant. As a result of
the L-§ coupling, (L,) as well as (S,) become finite, rotating
the OAM and the spin into the yz plane. Finally, due to the
strong nonlinearity away from the valley momenta, the dis-
persion of the edge states as well as their crossing at I" deviate
strongly from the case of the chiral-symmetric Kane-Mele
model.

VII. CONCLUSIONS

In this paper, we have established that the triangular and
the honeycomb lattice can be seen as coequal partners on the
level of their Dirac fermions. Extending this concept to the full
BZ, we find that the triangular lattice can host graphene-like
valence bands arising from time-reversal symmetry-breaking
Wannier functions on the honeycomb Wyckoff positions, i.e.,
at the voids of the triangular lattice. This generalizes the
notion of real-space obstruction recently developed for trivial
insulators and hence also its physical consequences to quan-
tum spin Hall systems. Further, it allows for a connection
with the higher-order topological classification, distinguishing
between systems with the same nontrivial Z; invariant.

One decisive difference that emerges from our analysis, is
that a QSHI phase on the triangular lattice requires, in contrast
to Kane-Mele-type systems, a sufficiently strong potential,
which breaks the horizontal mirror reflection. In combination
with the full-atomic SOC, this promotes a local OAM wind-
ing on the triangular site, which prohibits the existence of
a nonobstructed Wannier representation. Our experiments on
indenene, the only triangular QSHI realized so far, support our
theoretical prediction and make this topological monolayer
a potential candidate for future experiments on obstructed
QSHIs.

Since QSHIs lack a Wannier representation, the widely
used high-throughput-suited symmetry indicator schemes
cannot be applied for the detection of real-space ob-
structed nontrivial phases. Upon releasing the constraint of
internal symmetry-preserving Wannier functions, Soluyanov-
Vanderbilt-like representations can be constructed to deter-
mine the real-space localization. Hence we expect that a
sizable number of already known nontrivial Z,-indicated sys-
tems may belong to this new class of topological materials. As
witnessed by our triangular model, the false negatives of TQC
appear to be a potential pool of candidates.

Concerning future investigations, it must be noted that the
real-space obstruction of a QSHI can be probed at lattice
defects of heterostructures in which the obstructed QSHI in
question is completely surrounded by a nonobstructed one.
The helical edge states of the two QSHIs gap each other
out. In the L-shaped corner regions [50] a quantized corner
charge (possibly accompanied by in-gap corner modes) is then

expected to appear. Obstructed QSHIs can be also used as
basic building blocks of three-dimensional topological crys-
talline phases. Consider for instance a three-dimensional bulk
crystal with a C,, rotation symmetry where the order of the
rotational symmetry n = 2, 4, 6. The three-dimensional BZ of
this system can be viewed as a collection of two-dimensional
cuts parametrized by the momentum k, parallel to the rotation
axis. Assuming that QSHIs are realized at the time-reversal in-
variant cuts k, = 0, r, the bulk crystal must represent a weak
three-dimensional topological insulator. Let us further con-
sider that out of the two k, = 0, = cuts, one is an obstructed
QSHI. When subject to translational symmetry-breaking per-
turbations that double the stacking period, the system will be
transformed in a topological crystalline insulator with anoma-
lous surface Dirac cones connected by helical hinge modes
[51]. Additionally, the system might also realize an hybrid
weak topological insulator [52] with rotational symmetry-
protected Dirac cones on its so-called dark surfaces.

Besides the intriguing consequence of real-space ob-
struction, the realization of a certain Bloch wave function
symmetry on different crystal lattices constitutes a concep-
tual and practical difference in the microscopic origin of the
relevant hopping processes. Specifically, the second-nearest-
neighbor Kane-Mele SOC and the local staggered potential
(Semenoff mass) in the honeycomb correspond to the
local SOC of Eq. (10) and the nearest-neighbor ISB terms
of Eq. (13) in the triangular lattice, respectively. This means
that the resulting graphene-like Dirac fermions are gapped
by an atomic L - S-type SOC interaction, which is in general
much stronger than its nonlocal equivalent [31,39]. As a con-
sequence, the valley Hamiltonians in the two basis sets have
an identical structure, but can happen to live in completely dif-
ferent parameter regimes because of different physical origins
of the associated interactions.

From a general perspective, realizing a specific wave func-
tion symmetry with different basis sets in a periodic geometry
will not only stimulate the search for topological materials but
may also pave the way to new approaches for the investigation
and realization of physical phenomena in a different context,
e.g., cold atoms in optical lattices, photonic crystals, or acous-
tic lattices. This could help to overcome technical challenges
in terms of realizability and may also give access to new
parameter and phase regimes. Further, the k-dependent basis
mapping introduced here will have nontrivial implications for
interacting particles. In that case, the transformation would
indeed involve also two-body terms and may hence lead to the
appearance of interaction terms that differ substantially from
those considered in standard cases.
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APPENDIX A: VALLEY-DEPENDENT
BASIS TRANSFORMATION

Here we demonstrate the equivalence of a pair of chiral
orbitals on the triangular lattice and a bipartite basis on the
honeycomb lattice by deriving a complete basis transforma-
tion at the valley momenta. Its existence can be proven by
projecting the Bloch wave function onto Coulomb Sturmians
[55], a full basis in the R3, which are given by

X(X) = Ru(r)Y" (6, ¢),

and defined by a set of atomic-like quantum numbers v =
[n, I, m] centered around ry with the distance vector r = x —
ro. For the sake of simplicity, we will neglect in the following
the the radial part R,; and consider only the spherical harmon-
ics ¥;". First, we express the initial orbital at ro in Coulomb
Sturmians |wg,) = Y, cr|x:). The transformed orbital |w,,)
centered at site 1y, is given by the projection of the Bloch wave
function onto the Coulomb Sturmian basis |x./) in the home
unit cell,

(AD)

[w) =D xer) (3o | 9) (A2)

= > ™R xe) (el % (R)) (A3)
R,7,7/

o Y e Re| Vo) (Yo Yo (R)). (A4)
R,7,7/

The spherical harmonics are parametrized by Y/ =
P/"(0)e™? with the Legendre polynomial P;" and the spherical
coordinates (6, ¢). When transforming from position la to
one of the the A/B sites, all neighbors of the same order come
in triangular triplets 7, the complex phase transforms as

1 o
3 2R e Y (R) (AS5)
Ret,
kiK' 1 @
_O( - Z ei%”("hK/K’fm/‘km) (A6)
= S(m'—m)mod(3). g » (A7)

where the Bloch lattice phase enters at K/K' with g =
{£1, F1} at {A,B}. Akin to the Bloch localization in Eq. (9),
this relates m and —m,

A k=K, if(m'—m) mod3=-1
" |k=K, if(m —m) mod3=+1"
B k=K, if(m"—m) mod3=+1
" |k=K, if(m —m) mod3=-1°

A further constraint arises from the symmetry of the Legendre
polynomials requiring that P! and P,I,;, are both even or odd

with respect to horizontal reflection

i >0, if(—m+0! —m)ymod2=0
\(Pm/”’m(R)H{:o, if(l—m+1'—m)mod2 =1"

This shows, indeed, that the valley Bloch function of a
chiral triangular doublet | 4+ m) with m mod 3 # 0 can be
mapped onto a bipartite honeycomb basis whose magnetic
quantum numbers are constrained to m’ mod 3 = 0. For ex-
ample a {p,, p_} basis can be mapped onto a {sa, sg}-like
honeycomb basis located on the sublattice sites A and B. Con-
sequently, a triangular {d,, d_} basis (odd under reflections
at the horizontal reflection plane) transforms into a p,-like
graphene basis. The concrete basis transformation involves
the elaborate evaluation of the overlap of Coulomb Sturmians,
so-called Shibuya-Wulfman integrals [56].

APPENDIX B: TIGHT-BINDING MODEL

We consider a p shell {p,, py, p;} on a triangular lattice
spanned by the vectors a; = (1,0) and a, = (—0.5, \/§/2).
Their overlap integrals can be obtained by following the ap-
proach of Slater and Koster [57],

(pilH|pi) = n;V° + (1 —n})V7™, (B1)
(pilH|pj) = —nin;(V" = V). (B2)

With i = x, y, z and i # j, the coefficients n; incorporate the
in-plane orientation [n, = cos(¢)sin(9), n, = sin(¢) sin(0)
and n, = cos(0)] with the azimuthal angle ¢ and polar an-
gle 6. The general hopping Hamiltonian reads in momentum
space,

Ak =" ¢l ;e (), (B3)

ij

with the elements 7;; = 7,

1) = 207 cos(hn) + 2V (costhy) + costhn + ko)),
(B4)
tyy(K) = 2V cos(k;) + 3V—+V( cos(ky) + cos(k; + kp)),
(BS)

t:(K) = E; + 2V (cos(ki) + cos(kz) + cos(ki + k2)),
(B6)

ty(K) = —?(V” —V7)(— cos(ky) + cos(k; + k3)),
(B7)

t;(K) = iavr[2 sin(ky) — sin(ky) + sin(k; + k3)],  (B8)
1,2(K) = /3idur[sin(k,) + sin(k, + k). (BY)

The integrals V?, V™, and V] denote hoppings within the
in-plane subspace and the p, subspace, respectively. Amr
describes the strength of the mirror symmetry breaking, which
couples the in-plane and p, orbitals. The values can be found
in Table II.
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TABLE II. Tight binding parameters in units of 7.

E; Ve vr v Asoc AMIR Aisg(v = 0) hisg(v =1)
-1.5 2 -0.25 -1 1 0.75 0.25
Atomic SOC

We consider in our model full p-shell atomic spin-orbit
coupling, which is given in the {p, p,, p.}-basis by

AS°C = Asocl ® § (B10)
0 —io io,
A z v

S 0 —io, (B11)
2 —io, ioy 0

Its matrix elements can be obtained by explicitly calculating
the components of the OAM and spin operator.

APPENDIX C: ISB ON THE TRIANGULAR LATTICE

Here we derive the lattice formulation of the ISB term
given in Eq. (13) as an effective interaction induced by virtual
ISB orbitals, i.e., from a substrate, followed by a consideration
based on symmetry arguments, only.

In the recently synthesized system of indenene on
SiC(0001), the carbon atom of the surface SiC layer located
at one of the A/B points reduces the symmetry of the full
lattice to C3, [31]. To incorporate the hybridization between
the triangular lattice and the ISB breaking substrate states
in our model, we introduce a virtual s-type orbital at site
A = (1/3,2/3). This allows us to obtain by down-folding an
effective ISB interaction acting on the in-plane orbitals. The
Hamiltonian of the {p,, py, s} subspace reads

A ﬁpxy ‘7[’,\;\*3
ps
H” = <prxy ﬁs ) . (Cl)

With the 2 x2 Hamiltonian of the in-plane subspace H”v, the
one-dimensional Hamiltonian of the s subspace H' =E scj’cs,
which is given with respect to the Dirac point of the in-plane
states, and the hybridization between the two subspaces V7%
The tight-binding elements for an s-p overlap (s|H|p;) =
n; V), are given by

3 i i
tie(K) :%_VISB (eg(kl—kz) — 32k —kz))’ (C2)
1, i i
lsy(k) :VISB |:_§(e3(kl_k2) _ eg(—2kl—k2)) + 63(k1+2k2)i|’
(C3)

where we substitute directly V7 = V8. By following the
lines of [58], an effective low-energy model for the in-plane
Dirac states can obtained via down-folding,

ﬁeff ~ Hny _ VPWS . (HS)*I . Vsva ) (C4)

A

The correction to the in-plane Hamiltonian reads

2
1 (k) =3;%[1 — cos(k)], (C5)

A

V2
1 (k) = 222 [3 4 cos(k;) — 2 cos(ky) — 2 cos (ky + ky)],

2E,
(Co)

2
1 (k) = %[i{sin(lﬂ) + sin(ky) — sin (k) + k2)}

s

~+ cos(ky) — cos (k; + k»)]. (C7)

As HP» vanishes at K /K’, the effective Hamiltonian simplifies
to the down-folded ISB interaction,

2

. , 9V,
A (K/K) = =7 22 (0 F ). (C8)

This gives rise to a rigid band energy shift and promotes
orbital angular momentum by 7o and L. = 7, respectively. As
the even terms modify only quantitatively the elements of the
full p-basis Hamiltonian [Eq. (B3)], we incorporate the ISB
interaction by the effective Hamiltonian given in Eq. (C11)
with Aisg = —%%.

A complementary approach for deriving Eq. (C10) is to
decompose the first-neighbor interaction of the p,, orbitals
into a second order hopping processes via the nearest A and
B voids as illustrated in Fig. 7. ISB differentiates the A/B
sites and renders the paths inequivalent resulting in different
hopping strengths for trajectories through A or B. Further,
the p,-p, hopping process via the A/B sites involves either
an overlap of wave functions with same or different parity,
which can be defined by the directed angle spanned by the two
unit vectors d; and d, describing the trajectory. By defining
the difference between the hopping strengths through A/B

as %)\ISB, i.e., considering only the hoppings through the

FIG. 7. Sketch of the ISB p,-p, interaction on the triangular lat-
tice activated by a staggered potential peaking at the A/B voids of the
triangular lattice. First-neighbor hoppings can be decomposed into
inequivalent second order processes via the A/B points as indicated
by the gray arrows d; and d,.
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dominating void site, the interaction can be written as

AISB Z +
— ) _vij(c, 00cp, j +h.c).
V3G '

As a result, an electron traveling from site i to near-
est neighbor j experiences a left-right asymmetry, which is
reversed when moving from j to i. In Eq. (C10) this is
described by the orientation of the Dzyaloshinskii-Moriya
vector v;; = (2/\/3)(&1 X ﬁz)z = +1 where &1 and az are
unit vectors pointing from i to A(B) and from A(B) to j. This
parametrization is reminiscent of that for the second-nearest
neighbor SOC term in the Kane-Mele model, which depends
on whether the other sublattice appears on the right or on the
left of the hopping process [1,59]. However, being not a SOC
term but rather involving the orbital degrees of freedom only,
this term for the triangular lattice is spin independent, at odds
with the Kane-Mele SOC. A term with a k dependence similar
to that Eq. (C11) but involving second-neighbor processes has
been discussed in [60].

Equation (C9) is transformed in the spherical harmon-
ics basis by applying the basis transformation {p,, p,} —

{p+. p-1}

HISB — (C9)

me!  ooc; ms C10
f mG{Xﬂ:\:MI} e ( :
and reads in momentum space
AP (k) = iKISB[Sin(kl) + sin(ky)
3V3
—sin(ky + k)L, ® So.  (C11)

APPENDIX D: SUBLATTICE CHARACTER
IN THE TRIANGULAR LATTICE

We calculate the interference of the Bloch wave func-
tion |Wy) =), ck,nleik'R|m) at the honeycomb sites (r =
{A,B}). By invoking Eq. (6) and considering only contri-
butions from the |pi) = |+ 1), the momentum-dependent
projection weight X (r) is given by

X(r) = [{r|W)? (D1)
1< . ?
> 32 e Ririme,) (D2)
me{—1,1} n=1
2
> ch ¢! (K R+ nm) (D3)
me{— 111 n=1

APPENDIX E: CONSTRUCTION
OF THE OVERLAP MATRIX

Here we follow the recipe of Ref. [11]. The calculation is
straightforward if the trial orbitals and the cell-periodic Bloch
wave functions are spanned by the same basis set. For our
model, this is the case for the triangular p shell J;,-trial
basis. The projection onto trial orbitals on the honeycomb
sites requires however a momentum-dependent basis transfor-
mation as the Bloch and the trial basis have different Wyckoff
positions, which results in a Bloch phase difference.

v=0: band 1 v=0: band 2
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FIG. 8. Local orbital angular momentum polarization of the two
valence bands in the v =0 and v = 1 phases. To lift the degen-
eracy of the valence bands at the valley momenta, a small values
of Aisg = 0.1 has been chosen and in the v = 0 the compensating
in-plane OAM is visualized by setting Ayr = 0.01 (otherwise the
in-plane OAM vanishes). The dashed lines indicate the first BZ.

In analogy to Eq. (A2), we define the overlap of the Bloch
wave function of the triangular p model (m = {—1, 0, 1}) with
the honeycomb trial basis |z;) at position X; as

Ze’k(x/ /)Zc (m|t;) . (E1)

Without loss of generality, we consider only the contribution
of the three nearest-neighbor sites R; to the Bloch wave func-
tion, which are for the A[B] site R; = {(0,0), (0, 1), (1, 1)}
[R; = {(0,0), (1, 0), (1, 1)}]. Further, also the parity with re-
spect to z > —z has to be considered: The triangular m = +1
in-plane orbitals map onto s orbitals on the honeycomb site,
while a p, (m = 0) orbital on the triangular Wyckoff position
is mapped onto a p, orbital on the honeycomb sites.

Ilk|tj

APPENDIX F: LOCAL OAM WINDING PROMOTED
REAL-SPACE OBSTRUCTION

Based on the wave function symmetry of the valence
bands, we will argue in the following, that a nonobstructed
Wannier basis cannot exist in the QSHI phase. We assume that
the bands are energetically sufficiently isolated, to allow for a
single band description. As illustrated in Fig. 2, in the absence
of SOC, the valence band is p, type at I', has a p, degeneracy
at K and has radial (with respect to the nearest I' point) in-
plane character at the three M points (|p,) < a |px) + B |py))-
This results in a metallic band crossing of the two lowest
bands which gives rise to a nodal line (see red-green band
crossing in Fig. 2). In the presence of horizontal mirror
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FIG. 9. Logarithmic plot of det[S(k)] of the vertical-reflection
symmetric model Aisg = 0 for a time-reversal symmetric J = 1/2
and time-reversal asymmetric A/B trial basis sets. The dashed lines
indicate the first BZ.

symmetry breaking the nodal ring gaps-out as the radial in-
plane and the p, band hybridize by forming tangential angular
momentum states of the form |my,,) = 1/«/§(|pz) +ilp)).
Upon considering SOC, a nontrivial gap is opened and the
valence states at the K/K' read: |I, m;) = |£1, F1/2) states.
If considering the whole BZ, the local orbital angular polar-
ization of the valence bands will cover the whole unit sphere
as shown in Fig. 8. For a trial projection basis located on the
triangular site, there must be momenta, where at least one trial
orbital is orthogonal to both valence states which prohibits a
nonobstructed Wannier construction.

The importance of the nodal line is further supported by
inspecting det[S(k)] in the whole BZ as shown in Fig. 9. The
overlap eigenvalues of the J, trial basis are largest in the
trivial phase at the momenta of the SOC gapped nodal line
and at K/K'. In the nontrivial phase, the vanishing eigenvalues
occur along the nodal ring. In turn, the time-reversal symme-
try breaking trial basis on the honeycomb sites introduced in
Egs. (19) and (20) has a finite overlap in the v = 1 phase, but
vanishing overlap along the momenta of the nodal line in the
v = 0 phase.

APPENDIX G: BAND REPRESENTATION ANALYSIS

The band representations of the model are shown in Fig. 10
without and with SOC for layer group pomm. In the spinless
case, the horizontal reflection symmetry breaking opens a gap
between the first and the second band and the presence of the
vertical reflection symmetry protects the degeneracy of the
Dirac fermions at the valley momenta. For a filling of two
electrons, the Fermi level can be tuned to the Dirac point, the
system is a symmetry protected (Dirac) metal [15], as shown
in panel (a).

In the presence of SOC, the Dirac cone gaps. However, the
Z,-topological phase transition is driven by a gap reopening of
the p.-p+ nodal line which results in the exchange of A4/ X,
representations along the paths TM and T'K. As the irre-
ducible representations remain invariant at the high-symmetry
momenta (I', K, M), this phase transition cannot be detected
by symmetry indicators, i.e., the band representation of the
valence band transforms identical as the the elementary band
representation of the v = 0 phase.

APPENDIX H: GW METHODS

Our first-principles study started defining, via ionic re-
laxation, the equilibrium geometry of the system; this is
composed by an indenene layer and four substrate layers. A
big enough number of substrate SiC layers has been consid-
ered in order to correctly determine the screening properties
and the low-energy physics. Its importance becomes indeed
evident, especially for GW calculations, when the number of

Ka(1)Ks(1) Ms(2)
As(MeRs(1)]  [As(1)eRs(1)]

=l
o

=
N
=
N

Ks(2) 'Ms(2)
As(1)@A4(1) Ns(1)@A4(1)

(a)

r K M
(b)

FIG. 10. Theoretical graph analysis of the band structures in layer group p6mm without (a) and with (b) SOC. Similarly to the color code
of Fig. 2, the green (red) color denotes schematically the dominating p. (p.) orbital character. The dashed line illustrates the position of the
Fermi level for a filling of two electrons. The irreducible band representation notation follows Ref. [61].

195143-12



REAL-SPACE OBSTRUCTION IN QUANTUM SPIN HALL ...

PHYSICAL REVIEW B 106, 195143 (2022)

300 | . ;

250

200

Re
RV ° 4
Eg °

Energy (meV)

150

100

18x18x1 15x15x1 12x12x1

k-points

FIG. 11. GW scaling of the energy gap (E,), Rashba splitting in
the conduction band (R.) and Rashba splitting in the valence band
(Ry), as a function of the k points, in the energy range [100: 300]
meV. The dots correspond to the computed values and the solid lines
to the interpolation of the results.

layers is changed. When this number is increased, increasing
accordingly also the unit-cell height to preserve the same
amount of vacuum, the energy gap decreases, because of the
increased dielectric screening.

Also, when a fixed number of substrate layers is consid-
ered, rather increasing the amount of vacuum along z, it is
found an increasing of the energy gap value.

Both self-consistent (scf) and non-self-consistent (nscf)
DFT calculations are based on the projector augmented wave
(PAW) method and the generalized gradient approximation
(GGA) within the Perdew-Burke-Ernzerhof (PBE) scheme
[62], as implemented in the Vienna Ab initio Simulation Pack-
age (VASP) [63,64]. A plane-wave cutoff of 500 eV has been
used, together with a 15x15x 1 k mesh.

SOC has been included self-consistently and, because of
the small value of the energy gap (~50meV, in DFT), the
width of the Gaussian smearing has been chosen equal to
0.001 eV; this allowed us to obtain a sharp transition from
the occupied states to the unoccupied ones.

Subsequent single-shot GW calculations show an almost
independent behavior with respect to the number of unoc-
cupied states starting from a reasonably high threshold; we
considered then 338 empty bands. For the same reasons, we
set the energy cut-off for the response function to 50 eV.

The number of imaginary time grid points has been chosen
equal to 100, also because this parameter does not influence
in a meaningful way the computation time.

While the value of the Rashba splitting in the valence and
conduction bands resulted to be always almost independent

TABLE III. Bias voltage Ug;,s and tunneling current It stabiliza-
tion parameters for STS shown in Fig. 5. In some STS measurements
the tip has been approached after the feedback loop was switched off.
Note that the tip sample distance is also affected by the tunneling
setpoint itself, i.e., Upi,s and It. In the case of panel Fig. 5(d) this
yields an additional height difference of 5.4 A, and thus a total height
difference between z, and z; of z; = zp—7.8 A.

Fig. Usias It Tip approach
5(d) 20V 250 pA 0nm (zo)
5(d) (inset) -0.85V 50pA -0.24nm (z;)
5(e) -09V 50 pA -0.28 nm

from the meaningful parameters, at least for a not-too-drastic
change of them, the analysis of the energy gap required more
cautions.

We choose an optimal setup provided by a unit cell of
45 A along the z direction and four layers of substrate.

The last check is given by the analysis of the low-energy
electronic structure as a function of k-points number. Only in
this case the value of the Rashba splittings exhibits a slight
dependence, while the energy gap exhibits a strong one (see
Fig. 11). The interpolated values are ideally obtained from an
infinitely dense k£ mesh, and they have been used to realize the
correct GW band structure plot (see Fig. 5), subsequently to
the wannierization procedure [65].

APPENDIX I: ARPES

ARPES measurements were acquired in our home-lab
setup equipped with a hemispherical analyzer (PHOIBOS
100), an unmonochromatized He-VUV lamp (UVS 300,
21.2eV) light source, and a 6-axis manipulator capable of
LHe-cooling to 20 K. Differential pumping of the He-VUV-
lamp kept the base pressure below 1x 107! mbar during the
ARPES measurements.

APPENDIX J: STM AND STS

STM and STS measurements were taken with a commer-
cial Omicron LT-STM operated at 4.7 K and a base pressure
lower than 5x 10~!! mbar. Before and after each measurement
the chemically etched W tip was prepared on an Ag(111) sin-
gle crystal. Tunneling parameter of d//dV curves and images
shown in Fig. 5 are summarized in Table III. The STS mea-
surement presented in Fig. 5(e) was recorded with a standard
lock-in technique (modulation voltage of Vs = 10mV and
modulation frequency of 971 Hz).
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