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Figure 1. (a) Sketch of an Su-Schrieffer-Heeger chain. (b) Symmetry-adapted Wannier functions with respect to A. (¢). Wannier
functions centered at the atomic sites. (d) Symmetry-adapted Wannier functions with respect to B.

I. TOPOLOGY OF INVERSION-SYMMETRIC 1D CRYSTALS

In this section we discuss the topology of 1D inversion-symmetric crystals. We show that symmetry-adapted
Wannier functions give rise to two topological Z-invariants, and we will link these to the momentum space invariants.

Let us denote the Wannier functions for a one-dimensional inversion-symmetric chain in the compact form wy,., (z) =
we (x —m), where « is the Wannier index while m is the unit-cell index (the lattice constant has been set to a = 1 for
simplicity). The inversion symmetry of the chain implies the existence of two inversion centers within the unit cell,
which, with a proper choice of the origin, can be fixed to z = 0 (Wyckoff position A) and x = 1/2 (Wyckoff position
B).

For a symmetric Wannier function centered at the Wyckoff position A, the following transformation properties
apply:

Wi, A(—2) = £W_ppp 4 (),

where + refers to Wannier functions that are respectively even and odd under inversion, and we have explicitly split
the Wannier index « into a site index and an orbital index p. Symmetric Wannier functions centered at B instead
transform as

Wm;p,B (_x) = iw—m—l;u,B(m)-

These different transformation properties allow us to classify crystalline inversion-symmetric one-dimensional insula-
tors with the set of four integers Ng(p),+1, i-e. the total number of occupied symmetric Wannier functions centered
at A(B) that are even and odd under inversion. As explained in the main text for C4 rotational-symmetric crystals,
N4(B);+1 do not represent genuine topological invariants.

Let us consider the Su-Schrieffer-Heeger model for spinless electrons [see Fig. 1(a),(b)] at integer filling. The ground
state of this model can be expressed as a Slater determinant involving s-like and p-like orbitals centered at the inversion
center A [c.f. Fig. 1(c)], whose Wannier functions we denote by w.s a(z) and wy,p a(z) respectively. This implies
that the associated set of integers defined above simply reads Na;; = Na,—1 =1, and Np.; = Np._1 = 0. However,
this set of integers is not unique. In fact, starting out from the symmetric Wannier functions wy,s/,, (), it is possible
to define new symmetric Wannier functions centered at B [c.f. Fig. 1](d) using the following relations

1

Whnis,B(2) = 5 [Winis, 4 () + Wit 15,4 (2)+
FWmp A(T) = Winy1,p,.4(T)]
1

Winip, B(T) = B [~ Wmss,4(T) + Wint155,4(2)

~Winp, A(T) = Wiy 1;p, 4 ()]

For these new Wannier functions, the set of integers clearly reads N4, = Na,—1 =0 and N3 = Ng,—1 = 1.
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A 1 1 0 0
-1 0 1 1
B 1 1 0 1
-1 0 1 0

Table I. Multiplicities at inversion-invariant momenta for symmetry adapted Wannier functions at Wyckoff position W with
inversion eigenvalue .

The genuine topological invariants correspond to the difference between even and odd Wannier functions centered
at the two Wyckoff positions, and thus read:

vA = _NA;l + NA;fl ; vp = _NB;l + NB;fl' (1)

To prove that these integers are indeed topological invariants, we will now relate them to the symmetry labels in the
band representation. We recall that the symmetry indicators of the band structure of a one-dimensional inversion-
symmetric crystal correspond to the multiplicity of the even and odd eigenvalues of the inversion operator (with
respect to inversion center A) at the BZ center I' = 0, which we dub I'y and I'_;, and at the BZ edge X = 7,
dubbed X; and X_;. These symmetry labels are not independent since the existence of a band gap together with
the continuity of the energy bands yields global constraints, known as compatibility relations, explicitly reading
I'n+T'_1 =X+ X_1 = Np, with Nr indicating the total number of occupied bands. To proceed further, we relate
the two sets of integers stipulating the ansatz v4(p) = ’yg(lB)I‘,l + ’7114(3)1"1 + x;l(lB)X,l, where we used that X; can
be expressed in terms of the remaining symmetry labels via the compatibility relations. The linearity in the ansatz
above is required by the fact that the topological invariant of two uncoupled systems must be additive. Next, we will
determine the six unknowns 72(13), 7114( B)’ x;l(lB) using the following constraints:

1. v4(g) = —1, if we have a single even Wannier function centered a A(B),
2. vg(p) = +1, if we have a single odd Wannier function centered a A(B),
3. va(p) = 0, if we have a single Wannier function centered at B(A).

To do so, we analyze the inversion eigenvalues of the Bloch states g, o(z) = >, € Wy, o (z). Using the trans-
formation properties of the symmetric Wannier functions, one finds

7v/’q;u,A(*x) = iq/’—q;u,A(x)
wq;u,B(_l’) = te'd ¢—q;M7A($)a

where the plus (minus) sign refers to symmetric Wannier functions that are even (odd) under inversion. In Table I
we list the inversion eigenvalues of the Bloch states corresponding to even and odd Wannier functions centered at the
two Wyckoff positions. With this, the constraints listed above yield the following relations

~l=74=7h+ap'
L= +a3' =95
O0=74+a3 =71 =75 +25 =7k

which thereafter yield the expression for the topological invariants in terms of the inversion eigenvalues

VA:]-—‘fl_Xl :—Fl +X,1 (2)
VB:—Fl +X1: F_le_l (3)
All in all, the equations above serve a dual purpose: first they prove that v4 p are genuine topological invariants,

since the inversion-symmetry eigenvalues can only change upon closing and reopening the band gap. Second, we have
at hands an efficient strategy to bypass the problem of finding symmetry-adapted Wannier functions.



II. EDGE CHARGE OF INVERSION-SYMMETRIC 1D CRYSTALS

The 1D invariants v4 and vg introduced above have a well-defined meaning. Let us consider a finite inversion-
symmetric insulator in the atomic limit, with A as its center (the same considerations apply to B). Then, we find
that the total number of states that is odd under inversion minus the total number of states that is even with respect
to the center of the chain is precisely equal to v4. By invoking the principle of adiabatic continuity, we find that this
statement holds in general.

Moreover, the Zs-part of v4 pinpoints the value of the left and right edge charge, measured with respect to A: if
v4 is odd (even), there will be an odd (even) number of electrons on the chain, which implies that the left and right
excess edge charge are semi-integer (integer), when measured with respect to A [see the main part of the manuscript].
Although this excess charge only probes the Zs-part, it is very robust in nature. Namely, even if the finite chain itself
is not inversion-symmetric, as is typically the case, still the excess charges will be quantized for the very simple reason
that charge cannot flow away from the edge as long as the bulk is insulating.

III. TOPOLOGY OF 2D ROTATION-SYMMETRIC CRYSTALS

In this section we discuss the topology of 2D rotation-symmetric crystals with zero Chern number. We provide
a dictionary between the real-space topology expressed in terms of symmetry-adapted Wannier functions and the
symmetry-labels in the band representation. We discuss in detail the topology of C4-symmetric crystals, after which
we simply state the results for Csy, C3, and Cg-symmetric crystals.
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Figure 2. Wyckoff positions in rotation-symmetric crystals. (a) Co-symmetric crystal. (b) Cs-symmetric crystal. (c) Ca-
symmetric crystal. (d) Ce¢-symmetric crystal. Wyckoff positions related to each other by the rotation symmetry have the same
color.

A. Integer crystalline topological invariants in Cs-symmetric crystals

In a C4-symmetric crystal, there are two Wyckoff positions, A and C that are invariant under four-fold rotations, and
two Wyckoff positions, B and D that are separately invariant under two-fold rotations, and transform into eachother
under a fourfold rotation, see Fig. 2(b). The Wannier functions are symmetry-adapted if they satisfy the following
transformation properties:

Wi, A (RX) = T AWR-1mp,4(X), (4)
Wiy, 0 (RX) = 1, cWR-1m—ey3,0 (X), (5)
Wiy, B(RX) = 74 B/DWR-1m—es;,D(X), (6)
W, p(RX) = Wr-1m;y, B (X). (7)

where R denotes the rotation matrix, given by

R_(o —1>,
10

es = (0,1), and the rotation eigenvalues satisfy rﬁ’A = rfb’c = ri’B/D = 1. Note that this corresponds to a fourfold ro-
tation around A. Given these Wannier functions we can define a set of integer Na.1,...,Na,—i, Nc1, ..., Neoi—i, NB:1,
Np,—1,Np.1, and Np,_1 where Ny » (N¢,) denotes the number of occupied fourfold symmetric Wannier functions
centered at A (C') with rotation eigenvalue A, and Np(p) x denotes the number of occupied twofold symmetric Wannier
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Table II. Multiplicities of the rotation eigenvalues at C4- and Ca-invariant momenta for symmetry-adapted Wannier orbitals at
Wyckoff position W and with rotation eigenvalue .

functions centered at B (D) with eigenvalue A. Note that the fourfold rotational symmetry implies Np,4+1 = Np.11.
These integers, in turn, can be used to define the invariants va,7, vc.r, and vp = vp defined in the main part of the
manuscript.

We next make the following ansatz:

v =71+ vl + vyl + -0
+miM; +m_ M_y +m_M_; +x_1X_4

with W = A, C, B. Moreover, Iy (M) denotes the number of occupied bands at I' = (0,0) (M = (w, 7)) with fourfold
rotation eigenvalue A, X_; is the number of states at X = (m,0) that is odd under a twofold rotation, and v,, m,,
and z,, are coefficients that we need to solve for. Let us shortly motivate this ansatz. Similarly to a one-dimensional
atomic chain, we consider a function that is linear for the very simple reason that the numbers we have defined
are additive. Second, we have not included the multiplicities X; and M, since we have used the following identity
LW+, 4T 4+ =M+ M, + M_1+ M_; = X; + X_1, which corresponds to the compatibility relation for at
two-fold rotational symmetric crystal. Third, we have not included the multiplicities at Y since these are identical
to the multiplicities at X. In Table II we list the multiplicities of the rotation eigenvalues for a single symmetry-
adapted Wannier function centered at one of the four Wyckoff positions. These values have been obtained by Fourier
transforming Eqgs. (4)-(7). Using these values, we can solve for the eight unknowns of each integer topological invariant.
We find the following relations:

3 3 3 3
vag =31 — I -1y — T+ My +2M_y + M_; + X_q,
' 2 2 2 2
1 3 3 1
=D = T4 T o+ o0, — M+ =M, — X_4,
VAsi 15 +1l a0+ ot i TG + g M-t 1
=11+ 1F '+ IF 1M 2M. 1]\4 + X
va,—1 = 11 ot -1 gt i g -1 B -1 -1
3 3 1 1
=T 420 4O — =My —2M  — M, — X4,
Ve 9 + 1+ 9 B 1 5 1
3 1 1 3
4 =—=I} -I'_; -M; — -M_; + X_ s
voi = Tohit gt M T gl A
1 1 3 3
= oD =T — =T 4 oM+ 2M  + M — X4,
Vei—1 5 175 + 5 + 1+ 5 1

1.1 1 1
= ST, 4 =T, — =M; — =M_,.
ve=5lit g 2 2



B. Integer crystalline topological invariants in Co-symmetric crystals

In a 2D Co-symmetric crystal we find four Co-symmetric Wyckoff positions per unit cell. These are labeled as
A, B,C, and D, see Fig. 2(a). The Wannier functions are symmetry-adapted if they satisfy the following properties:

Wingpe, A(=X) = T AW-_mip,A(X), (8)
Wm;p, B(— ) = Tu,BW—m— el,M,B<X)7 9)
Wm;p,C ( )—7"# CW—m—e;—ey;p, C( ) (10)
Wi, D(—X) = T, DW—m—ey;,D(X), (11)

where e; = (1,0) and the rotation eigenvalues satisfy TZ,A = rin = Ti,c = riD = 1. Given these Wannier functions,
let Ny, +1 denote the number of occupied two-fold rotation symmetric Wannier functions centered at W with rotation
eigenvalue +1. Out of these eight integers we can extract four Z invariants given by

va=—Na1+ Na._1,
vp = —Np;1 + Np;_1,
ve=—Nca+ Ne,-1,
vp=—-Npi1+Np,_i1.

We now follow the strategy laid out in the main text and in Secs. I and III.A to show that these are indeed proper
invariants. Therefore, we relate them to the band structure multiplicities I'1q, X_1, Y_1, and M_;. We simply state
the results:

1 1 1 1
I =T+ X+ Y+ M,

va= 2 2 2 2
v = %F_l — ;X_1 + ;Y 1— §M—1a
J P P P VN
J P VN NI

These results have been obtained by using the multiplicities of the rotation eigenvalues for single symmetry-adapted
Wannier functions centered at one of the Wyckoff positions, see Table III.

wia o [ X [ v | M
Al 1 0 0 0 0
1| o 1 1 1 1
B | 1 1 0 1 0 1
1| o 1 0 1 0
c |1 1 0 1 1 0
-1 o 1 0 0 1
D | 1 1 0 0 1 1
-1 o 1 1 0 0

Table ITI. Multiplicities of the rotation eigenvalues at Cz-invariant momenta for symmetry-adapted Wannier functions at Wyckoff
position W and with rotation eigenvalue A.

C. Integer crystalline topological invariants in Cs-symmetric crystals

In a 2D Cz-symmetric crystal we find three C3-symmetric Wyckoff positions per unit cell. These are labeled as A, B,
and C, , see Fig. 2(c). As before, we assume to have found symmetry-adapted Wannier functions, and let N4.x, Ng.»,
andN¢; denote the total number of occupied symmetry-adapted Wannier functions at A, B, and C, with three-fold



rotation eigenvalue A. To ensure immunity against continuous deformations of the type shown in Fig. 1(b) in the
main text, which correspond to Ny .x — Ny,\ £ 1V, we are led to define a new set of six integers:

v = —2Nwir + Y Ny 7= 1,5 W = A B,C.
r#£T

As before, we can express these in terms of the multiplicities I'z, K1, and K- of the threefold rotation eigenvalues 7
at the high-symmetry points I', K+, and K ~. These relations read:

+
VAl = —2I'y — Fei27r/3 — F€i47\'/3 + I(eih/3 =+ K:;M/S
+ K;27'r/3 + K;47r/37
Z/A’eizﬂ-/;; = Fl + Fei47r/3 - K:;2ﬂ/3 — K;2ﬂ_/3,

_ + =
vp1 = Lgiznss + T gitnys — Kei%/g - Ke'i47r/3’

_ + - -
Vp ei2n/3 = _Fe“’f/3 - Kei47r/3 + Kei27r/3 + Kei47r/3?
_ + -
ve, = Deiznys + Deianys — Kemr/s - Kei27r/3)
_ + + -
Vg eizn/3 = _Fe“"/3 + Keww/s + K6i47r/3 - Kez47r/3'

These formulas have been obtained by considering the multiplicities of the rotation eigenvalues for a single symmetry-
adapted Wannier function centered at one of the Wyckoff positions, see Table IV.

’W‘ A ‘Fl T on U ,2n |[KTo, |[KTo Ko [K 0
e 3 e 3 e'’3 e'’3 e'’3 e’

Al 1 [[1] o 0 0 0 0 0
dF o] 1 0 1 0 1 0
5ol o 1 0 1 0 1
Bl 1 [[1] o 0 1 0 0 1
dF o] 1 0 0 1 0 0
o o 1 0 0 1 0
cl1]1] o 0 0 1 1 0
dF| o] 1 0 0 0 0 1
ol o 1 1 0 0 0

Table IV. Multiplicities of the rotation eignevalues at C3-invariant momenta for symmetry-adapted Wannier functions at Wyckoff
position W and with rotation eigenvalue .

D. Integer crystalline topological invariants in Cg-symmetric crystals

In a Cg-symmetric crystal, each unit cell hosts a single six-fold invariant Wyckoff position A, two three-fold invariant
positions B and D, and three two-fold invariant points C, E, and F, see Fig. 2(d). However, since all three- and two-
fold positions are related by the six-fold symmetry, we only have two provide the number of symmetry-adapted
Wannier functions at A, B, and C. As before, we require that the invariants are immune to transformations of the
type shown in Fig. 1(b) in the main text. Hence, we find the following invariants:

Vag = —5Naw + > Nag 7= 1,e™/3 27/3 1 H7/3,
r#ET

VB;r = _2NB;F + ZNB;T r= 1, ei27r/37
r#£EF

ven = —Nej + Nej—1.
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dFlol o 1 o] o oo/l o 1
afolo|l o 1] o] o | 1] o0 0
dSlol o o o] 1 0| o 1 0
eFllol ol o o] o 1 1] o0 1
B+D | 1 [[1] o] o 1] o] o] 1] 1 1
dFol 1| 0o o] 1 0| 1] o0 1
dSlol o] 1 o] o 1|1 1 0
C+E+F| 1 1l o] 1 Jo| 1 o | 2| 1 1
Aol 1] 0o 1] o0 1 1] 1 1

Table V. Multiplicities of the rotation eigenvalues at Cs-invariant momenta for symmetry-adapted Wannier functions at Wyckoff
position W and with rotation eigenvalue .

Expressed in terms of the multiplicities of the rotation eigenvalues at high-symmetry points, we find:

5 1 5 3
VAl = -5’y — Erein/:s — Fei%/s — 51—‘71 — Pei47r/3 — ireisw/s + 2K;LL-27,/3 + 2K6J,ri4ﬂ/3 + §M71,
3 5 3
I/A;ei‘/r/g = Fl — §Fei7r/3 + Fei2w/3 + 51—‘71 + 3].—‘ei47r/3 - 2K8i2w/3 - iMfl,
1 1 3
Vpeizn/3 = Iy — irem/s — 3F8i27r/3 — §F71 + Fei4ﬂ/3 — 2K;47\—/3 + §M,1,
1 7 3
Va1 = 'y + irem/s —TLiznss — 51—‘,1 —Tjianss + 2K:;2ﬂ/3 + 2KZ47,/3 - §M,1,
3 1 + 3
Vp,eian/3 = '+ irem/s + Fei21r/3 — 51—‘,1 — 3Fei4w/3 — 2Kei2"/3 + §M71,
v = Lginss + DUgiznss 4+ Tgianys — K:;%/g_ — K;M/S,
VB.ei2n/3 = —T ' ixss — T gianss + K;;zw/S,
1 1 1
Ve, = El—‘em/y, + §F,1 - §M71.

As before, these formulas have been obtained by considering the multiplicities of the rotation eigenvalues for single
symmetry-adapted Wannier functions centered at one of the Wyckoff positions, see Table V.

E. Integer crystalline topological invariants in C, M. .-symmetric crystals, with n = 2,4, and 6.

Although, the analysis presented in Sec. III applies to C,-symmetric crystals, however, essentially the same invariants
characterize the symmetry-adapted Wannier functions in crystals that are C,, M .-symmetric, with n = 2,4, and 6 and
M., the out-of-plane reflection symmetry.

IV. CORNER CHARGE OF ROTATION-SYMMETRIC 2D CRYSTALS

For 1D inversion-symmetric insulators we have shown that the Z, part of the invariants v4 and v can be related
to the edge charges. Now suppose we consider a 2D crystalline insulator with a C,-symmetric bulk. Let v4 denote
the Z,, part of an invariant associated with a Wyckoff position A. Now in general, if A is invariant under an m-fold
rotation, then the corner charge, measured with respect to A, is given by v4/m. Indeed, we have explicitly shown
this in the main text for a C4-symmetric crystal with A a Cs-invariant Wyckoff position. The same reasoning, applies
to C3 and Cg-symmetric corners. As stressed in the main text, it is crucial that the two edges that intersect at the
corner are related by the same m-fold rotational symmetry. This is also illustrated schematically in Fig. 3(b), (c),
and (d). Special care has to be taken if m = 2, since two edges related by Co do not intersect each-other. In this
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Figure 3. Corners with edges related by Cp,-symmetry. The blue dots denote Wyckoff positions A. The charge inside the
dashed region is then given by va/m. (a) corresponds to m =2, (b) m = 3, (¢) m =4, and (d) m = 6.

case, one should consider the sum of the lower-left corner charge and lower-right corner charge, both measured with
respect to the same two-fold symmetric Wyckoff position A, see Fig. 3(a).

V. CORNER CHARGE PUMPS AND CHIRAL HINGE STATES

Let us consider a 3D §,, = C,, M -symmetric insulator, with n = 2,4, or 6. Here, Sy is simply inversion, Sy a
four-fold roto-inversion, while Sg corresponds to a three-fold roto-inversion, which therefore is both inversion and
three-fold rotationally symmetric. Such a 3D crystal can be seen as a collection of 2D systems with Hamiltonians
H(k.) parametrized by k.. In particular, for k, = 0,7 we find that the 2D Hamiltonian is S,,-symmetric. Now let us
consider a geometry with surfaces that are related by the (roto)-inversion symmetry. Then, we find that the corner
charge Qa(k.), with A a Wyckoff position invariant under S,,, satisfies the following relation:

Qa(k) = —Qu(—k.) mod %

This formula follows from the following observations: (i) The total charge in the edge and bulk parts is integer, which
implies that the sum of all corner charges is integer. (i7) The corner charges at two-neighboring corners at +k, and
—k, are identical, see also Fig. 4. (4ii) The corner charges at corners related by S2 are identical (since this operation
leaves k, untouched).

Now imagine that Q4 (7) — Q4(0) = 1/2(0) mod 1. Then, each hinge sandwiched between two surfaces related by
the S,-symmetry will host an odd (even) number of chiral states. Since Q4(0) and Q4(7) are given by v4(0)/n and
va(m)/n, respectively, this translates into the statement that if and only if v4(7) — v4(0) = n/2 mod 1, then the
system is a non-trivial higher order topological insulator. Note, that for an Ss-symmetric, insulator, two hinges are
sandwiched between two surfaces related by the Sy-symmetry. The invariant does not pinpoint on which of these two
hinges the chiral state will reside: This is simply a microscopic detail of the specific surface.

Finally, we illustrate these finding for a Sg-symmetric toy model. First, we consider the 2D honeycomb lattice with
a Kekule distortion, such that the unit-cell hosts six sites, see Fig. 5(a). The intra(inter)-unit cell hopping is given by
t1 (t2). In the flat band limit, with ¢; # 0 and t2 = 0, we find that at half-filling the energies of the bands are given by

(b) (c)
QA (_kz)

Qa(k:) Qa(=k:)

Figure 4. Corner charge Qa(k.) with respect to Wyckoff position A, shown in blue, for a given k.. (a), (b), and (c) correspond
to Sz, Sa, and Sg, respectively.
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+2t1, +t1, with the latter doubly degenerate. Moreover, the topological invariant reads ¥4 = 3 mod 6, and all others
are zero. Similarly, we can consider the opposite limit, ¢t; = 0, and t3 # 0. Then, the bands are triply degenerate,
and have energies £to. Moreover, at half-filling we find vc = 1 mod 2, whereas all other invariants are zero. So in
the latter case we expect that the corner charge measured with respect to A vanishes, whereas in the former case, we
expect that the corner charge is precisely equal to one half of the electron’s charge.

Next, let us consider a three-dimensional extension of this model. Here, we consider a 3D stack of the 2D lattices.
We connect the stacks through purely imaginary nearest-neighbor hoppings +its, as well as real diagonal next-nearest
neighbor hoppings t4, see Fig. 5(b). These interlayer hopping break the Cg and M, symmetries, but respect their
combination Sg. The Hamiltonian reads

2tzsin(k - az)  ty + tye’k 0 toetk (a1 —az) 0 t1 + tye’®as
ty +tse” 3 _otssin(k - by) t; + tge kA 0 tyetk-a 0
Mo — - 0 ty + tge™ @ 2tssin(k rag) it tyetkas 0 toetkaz
toe ik (a1—az) 0 t) +tee” ™3 2tssin(k - az) t; + tye” kA 0
0 tye~ika 0 ty +tse’® 3 2tzsin(k-az) ty + tgetkas
t1 + tge~kas 0 toeikaz 0 t) +tge” ™3 _2tssin(k - a3)

In Fig. 5(c) we plot the bulk band structure along HS lines, for t; = 1, t; = 1.2, t3 = .8, and ¢4 = .9. For these
parameters, we find that in the k, = 0 plane, the invariant v4 = 3 mod 6, and for k£, = 0, we find v4 = 0 mod 6.
Hence, we expect the presence of chiral hinge states for a geometry of the type shown in Fig. 4(c). This is indeed
the case, see Fig. 5(d), where we plot the corresponding band structure with periodic boundary conditions in the z
direction.
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Figure 5. (a) Cg-symmetric Kekule distortion in graphene. Solid (dashed) lines correspond to intra (inter) unit cell hopping
parameters t1 (t2). (b) Sketch of interlayer hopping parameters for a 3D higher-order topological insulator. Dashed lines
corresponds to ts4, while the arrows correspond to +its. Both break Cs and M., individually, but respect their combination.
The purely imaginary hopping parameters +its break time-reversal symmetry. (c) Bulk band structure along high-symmetry

lines, with rotation eigenvalues at high-symmetry momenta. (d) Corresponding band structure for a system with periodic
boundary conditions in the 2-direction, while open in the other directions.



