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Noncentrosymmetric superconductors can support flat bands of zero-energy surface states in part of their
surface Brillouin zone. This requires that they obey time-reversal symmetry and have a sufficiently strong
triplet-to-singlet-pairing ratio to exhibit nodal lines in the bulk. These bands are protected by a winding number
that relies on chiral symmetry, which is realized as the product of time-reversal and particle-hole symmetry.
We reveal a way to stabilize a flat band in the entire surface Brillouin zone, while the bulk dispersion is fully
gapped. This idea could lead to a robust platform for quantum computation and represents an alternative route
to strongly correlated flat bands in two dimensions, besides twisted bilayer graphene. The necessary ingredient
is an additional spin-rotation symmetry that forces the direction of the spin-orbit-coupling vector not to depend
on the momentum component normal to the surface. We define a winding number that leads to flat zero-energy
surface bands due to bulk-boundary correspondence. We discuss under which conditions this winding number
is nonzero in the entire surface Brillouin zone and verify the occurrence of zero-energy surface states by exact
numerical diagonalization of the Bogoliubov—de Gennes Hamiltonian for a slab. In addition, we consider how
a weak breaking of the additional symmetry affects the surface band, employing first-order perturbation theory
and a quasiclassical approximation. We find that the surface states and the bulk gap persist for weak breaking of
the additional symmetry but that the band does not remain perfectly flat. The broadening of the band strongly
depends on the deviation of the spin-orbit-coupling vector from its unperturbed direction as well as on the

spin-orbit-coupling strength and the triplet-pairing amplitude.

DOI: 10.1103/PhysRevB.109.104521

I. INTRODUCTION

Noncentrosymmetric superconductors with time-reversal
symmetry (TRS) have recently attracted a lot of attention.
For sufficiently strong spin-triplet contribution to the super-
conducting pairing, these materials posses nodal lines in their
bulk dispersion, which are associated with a winding number.
At their surface, they exhibit zero-energy Majorana states in
the part of the surface Brillouin zone (sBZ) that is enclosed
by the projection of the nodal lines. The resulting zero-energy
flat bands are topologically protected by the winding number
of the bulk nodal lines [1-6]. These flat bands of Majorana
modes are of particular interest in the context of quantum
computation [7-17].

Majorana modes are attractive for quantum computation
on the one hand because qubit states realized by Majorana
modes are topologically protected, which promises high sta-
bility against relaxation and decoherence. On the other hand,
quantum gates can be realized by moving such Majorana
modes around each other, i.e., by braiding their world lines.
There are excellent reviews covering these ideas [8,14]. Flat
Majorana surface bands are intriguing in this context because
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they realize a macroscopic number of localized Majorana
modes. Observation of nontrivial braiding statistics would be a
smoking-gun experiment for Majorana modes but the required
manipulation of individual Majorana modes is likely difficult
[17].

Another interesting aspect is that the flat bands are au-
tomatically in the strong-coupling regime since their kinetic
energy is zero [16,18,19]. A similar situation with flat bands
of Majorana modes within the projection of nodal lines has
also been discussed in the context of inversion-symmetric
superconductors, where the nonzero winding number arises
from an orbital degree of freedom that transforms nontrivially
under time reversal [20]. However, near the boundary of the
flat-band region of the nodal systems, the bulk-state energies
come arbitrarily close to the surface band due to the gap clos-
ing in the bulk, which could hinder the experimental detection
of the flat band and compromise the robustness of quantum-
computation schemes. Importantly, the winding number in
these systems has to vanish in a finite fraction of the sBZ. For
example, due to TRS, the region with a nonzero winding num-
ber never includes the origin. The reason is that every nodal
line has a time-reversed partner. Therefore, if the projection
of one of the nodal lines encloses the origin, the projection of
its time-reversed partner does so as well. The two lines lead
to opposite winding numbers, which compensate each other
in the intersecting region so that the winding number at the
origin is zero. To avoid this problem, one would have to break
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TRS. However, the winding number and therefore the topo-
logical protection of the surface states relies on the presence of
a chiral symmetry, which, in these systems, is realized as the
product of TRS and particle-hole symmetry (PHS). Since the
latter is always present in the Bogoliubov—de Gennes (BdG)
formalism, breaking TRS destroys the topological protection.

It would be highly desirable to energetically separate the
flat surface band from the bulk states by having a full bulk gap
and a topologically protected zero-energy flat surface band in
the entire sSBZ. Even in the presence of terms that weakly
break the symmetries which protect the zero-energy states,
this could still lead to an approximately flat surface band close
to zero energy within a full bulk gap. One possible route
would be a system without TRS but with a chiral symmetry
arising from a sublattice symmetry, i.e., the system can be
decomposed into two sublattices and there only is hopping
between these sublattices and not within them. However, we
do not concentrate on this idea since beyond-nearest-neighbor
hopping terms destroy the chiral symmetry. Another situation
where the occurrence of flat bands in the full sSBZ due to chiral
symmetry has been analyzed are crystalline topological insu-
lators [21]. Here, the protection of the boundary modes arises
from geometric deformations and leads to a finite polarization
of the surface state.

In this paper, we instead present an approach to realize a
similar type of winding number as in the nodal system—but
in the entire sSBZ—by introducing an additional symmetry.
Specifically, we require the existence of a spin component that
commutes with the Hamiltonian. This requires the direction
of the spin-orbit-coupling (SOC) vector not to depend on the
momentum component normal to the surface and allows us
to bring the Hamiltonian into block-diagonal form. The most
straightforward possibility is for the SOC vector to point in a
single direction for all momenta. We find that for all point
groups except for the three low-symmetry groups C;, C,,
and C, this is the only possibility, if we restrict ourselves to
the lowest-order expansion of the SOC vector. The resulting
spin-up and spin-down blocks no longer obey TRS and PHS
separately, which are both present in the BAG Hamiltonian of
the full system. However, the chiral symmetry persists in the
spin blocks, i.e., there are unitary matrices that anticommute
with the spin-up and spin-down blocks. Hence, the individual
blocks are in symmetry class AIII [4,22-24]. Relying on the
chiral symmetry, we can derive a momentum-dependent wind-
ing number in the sBZ for both the spin-up and the spin-down
block. Each of these winding numbers protects a flat band of
zero-energy surface states, leading to a twofold degenerate flat
surface band in the entire sBZ, while the bulk is fully gapped.

We discuss the conditions under which these winding num-
bers are nonzero and verify our results numerically through
exact diagonalization of the BdG Hamiltonian of a slab.
Moreover, we consider the effects of a weak breaking of the
spin-component symmetry, i.e., an only approximately unidi-
rectional SOC vector. We use a quasiclassical approximation
for the surface states in the direction orthogonal to the surface
and derive the first-order correction to the flat-band energy
within perturbation theory. We compare the results to exact
diagonalization of the BAG Hamiltonian.

The remainder of this paper is organized as follows.
In Sec. II, we introduce a model Hamiltonian, discuss its

symmetries, and derive the winding number. We discuss the
necessary conditions for a nonzero winding number that pro-
tects surface states at zero energy. In Sec. III, we list the
crystallographic point groups which can in principle satisfy all
necessary symmetries. Moreover, we determine the parameter
regime that allows for a nonzero winding number in the entire
sBZ. We demonstrate the occurrence of zero-energy flat bands
for one exemplary system. In Sec. IV, we consider the impli-
cations of an imperfectly unidirectional SOC vector. Finally,
in Sec. V, we summarize our findings and draw conclusions.

II. MODEL SYSTEM

We consider a three-dimensional noncentrosymmetric
time-reversal-symmetric single-band superconductor mod-
eled by a Hamiltonian

1
H=> Xk: WH (k) W, 1)

with .\Ilk = (C_k,.m €k, Cik,?’ cik’l)T, where c]tq (cko) 1S the
creation (annihilation) operator of an electron with wave vec-
tor k and spin o € {1, |}, and the BdG Hamiltonian

h(k) A(k)

The matrix A(k) is the normal-state Hamiltonian
h(k) = exop + gk - 0, (€)]

where the spin-independent part € is an even function of
momentum Kk, while the SOC vector g is odd in k, and o
and oy represent the vector of Pauli matrices and the 2 x 2
identity matrix, respectively. Due to the breaking of inversion
symmetry in the normal state, the superconducting pairing
matrix A(k) generically contains both a singlet component,
which is even in Kk, and a triplet component, which is odd in
k, giving

Ak) = (Ajoo + dy - 0) ioy, “4)

where Aj is the singlet pairing amplitude and d is the triplet
pairing vector. In the following, we will assume dy || g as this
state is known to be the most stable in the absence of interband
pairing [2,25]. We thus write dx = Ajlx and gx = Alx with
the triplet pairing amplitude A} and the SOC strength .
In this paper, we consider pairing that does not break the
lattice symmetry, i.e., that transforms according to the trivial
irreducible representation of the point group. This requires
Ay and Aj to have the full symmetry of the normal-state
Hamiltonian. We are interested in superconductors with a
full bulk gap. The simplest fully gapped state is realized for
(s + p)-wave pairing with A* = const and A’ = const, which
we will assume for our numerical calculations. However, our
theory applies whenever there is a full bulk gap. Conversely,
if the bulk gap has nodes, the winding number that we will
introduce in Sec. II B is ill defined at the projections of these
nodes into the sBZ.

A. Symmetries

A fully gapped Hamiltonian of the form described above
belongs to the symmetry class DIII of the tenfold-way
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classification [4,6,22-24] as it obeys both TRS T with T? =
—1 and PHS C with C? = +1. Specifically, the BAG formal-
ism enforces C = KU¢ with Us = o0, ® oy such that

UcH(—k) Ul = —H(k). S

TRS can be written as 7 = KUr with Ur = 0y ® io, such
that

UrH(—K) U} = +H(K). (6)

The combination of these two antiunitary symmetries gives
the so-called chiral symmetry

UIHI)Us = —H(K), ™)

i.e., there is a unitary matrix Ug = iUrUc = —o, ® o, that
anticommutes with the Hamiltonian. Note that half of the
eigenvalues of Uy are equal to 41 and the other half to —1.

In addition to TRS, PHS, and chiral symmetry, we require
the crystal structure to belong to a noncentrosymmetric point
group. Every element of the point group represented by a 3 x
3 orthogonal matrix R leads to a relation [4]

UrH(R'K)U} = H(k) (®)

satisfied by the Hamiltonian, where R = R/det(R) =
det(R)R, i.e., R describes a proper rotation by an angle 6 about
an axis denoted by a unit vector n, and Uy = diag(ug, u)
with the spinor representation uz = exp[—if(n - 0)/2] of R.
This leads to the restrictions

Ik = Rz, 9
€k = €g-1k, (10
AL = Ay (11)

We will need to fix a surface orientation, which gives one
direction k, in the Brillouin zone that is orthogonal to the
surface and a vector k| that parameterizes the two directions
of the sBZ so that each point k in the three-dimensional
Brillouin zone can be identified by some pair (k , k).

We now introduce an additional symmetry for the Hamil-
tonian H (k). This symmetry is the main ingredient that will
enable us to define a winding number and obtain protected
zero-energy surface bands. As the new symmetry, we require
that for each point k| in the sBZ, there is a spin component
Enk” in some direction ny, that commutes with the Hamilto-
nian for all momenta &, in the orthogonal direction, i.e.,

[Hki, Ky, Bn ] =0 Vki€[-m,7),  (12)

where Enk” is defined as

n, = (n"' i 0 ) (13)

0 —II,](H -0

with a unit vector n, = (nf(”, n'lv(”, nf(” )T . While the condition
in Eq. (12) does not impose any additional constraints on €
and Ay, it does require the SOC vector to be parallel to the
vector ny, i.e.,

lk = l(k) nkH = l(kj_, kH)nkH ij_ € [—JT, 7'[), (14)

with a real-valued function /(k). While /(Kk) is odd in Kk, ny
does not depend on the component k; and is thus even in k; .
Hence, I(k,, k) has to be odd in k| . Note that /(k) is not the
norm of 1(k). Since ny, must now be even, Eq. (13) can be

written as
ng, -0 0
Yh = ! . 15
l’lkH < 0 _nk” . O'*) ( )
To ensure uniqueness, we choose the sign of /(k) such that
nlzq > 0.

While the occurrence of Eq. (12) as an exact physical sym-
metry is unlikely as it is not imposed by any point group, the
equation can still be satisfied approximately. We will discuss
in Sec. III for which point groups this can be expected to
occur. In the present section, we assume the exact validity of
Eq. (12). The effects of small deviations from this symmetry
are treated in Sec. IV.

As the matrix Xp, has the two eigenvalues +1 that are both
twofold degenerate the Hamiltonian # (k) can be brought into
block-diagonal form via the transformation

Hyk) O

H(k) = < 0 Hl(k)> = Ws (k) HE Wy (k)), (16)

where Wy (k) is the matrix that diagonalizes Xp, as
Ws (K)) i, Wy (k) = 0 ® 00. (17)
Note that o € {1, |} in H, refers to the spin orientation

relative to the quantization axis ny,. Performing the diagonal-

ization and using ||ny | |2 = 1, we obtain

e +in'l‘; [ 1—ny
Il Il I
\/2—2n‘7 2 0 0
K|
0 0 _ Iy Ty [
[2n +2 2
W (k) = :
I m i ny +1
Ky I I 0 0
/an(H +2 2
my, —im [ 1—n;
0 0 Il Il 5 Il

for an(u # 1, i.e., for a SOC vector which is not parallel to the

z axis. For the special case of nx, = Z, Eq. (18) is not well
defined and we instead get

Ws(k)) = 19)

SO o=
O = OO
- o OO
(=R ]

This leads to the spin-up and spin-down blocks
Ho (k)

3 e + o rl(k)

B <ae‘i"’“k| [AL + o ALIK)]

o™i AL + o ALLK)]
—ex —oAl(k) '

(20)
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where 0 = 1 ({) is understood to have the numerical value
+1 (—1) and we have introduced the phase factor

. Y e £
iy, 2 2 ’
™ =1 o) + () : 1)

1 for nf{H =1.

The blocks H, do not have BdG form—in a BdG Hamilto-
nian, the lower right component would have to equal —[e_g +
oAl (—K)] = —ex + o Al(K) since /(k) is odd. The blocks thus
break PHS. They also break TRS separately since TRS maps
H4 onto H and vice versa.

Each of the blocks H,, retains a chiral symmetry, i.e., there
are unitary matrices Us , (k) such that

U, (kD Hy (K)Us, o (k) = —Hq (K), (22)

where Us 4 (K)) [Us,, (k)] is the upper (lower) diagonal 2 x 2
block of ﬁs(k”) = W): (k” )U5W)£ (k” ), i.e.,

0 ie' ™™

—ie P 0

) for ni"(” #1,

Uso (k) =0 ( (23)

forn, =1.
Thus each of the two blocks H,, is in class AIII [4,22-24].

B. Winding number

The well-established way [1,3,4,6] to define a k-
dependent one-dimensional winding number is to bring the
Hamiltonian H (k) into block-off-diagonal form via the trans-
formation

0 D(k)

WsH(K)W, = (DT 0 ) = H(k), (24)

where Wy diagonalizes Us such that
WsUsW, = o, ® oy. (25)

One can now adiabatically deform H(K) into a flat-band
Hamiltonian, which amounts to replacing the diagonal ma-
trix ¥p(k) in the singular-value decomposition D(k) =
UDT(k)ZD(k)VD(k) by the unit matrix. The resulting off-
diagonal block gp(k) = Ug(k)VD(k) can be used to define a
winding number

1 +
Wp(k)) = >— | dki Trlg,(K)d, gp(K)].  (26)
2mi ki

As the matrices Ug(k) and Vp(k) and thus also gp(k) are
unitary, the winding number can be transformed to

1
Wo(k)) = z—m/k dk, 0 [Indetgp(k)]

1
= 5= dk, 0k, (In|det gp(k)| + i arg[det gp(K)])
Tl Jg,
1
= — | dky 9, arg[det gp(Kk)]. 27
2 I

One can now use

arg[det gp(k)] = arg[det Ug(k) det Vp(k)]
= arg[det Ug(k) det Xp(k)det Vp(k)/det Zp(k)]
= arg[det D(k)] — arg[det Xp (k)]
= arg[det D(k)], (28)

where the contribution of arg[det X (k)] drops out if all sin-
gular values of D(k) are nonzero. Points k; where D(K) has
at least one singular value equal to zero coincide with points
where det D(k) = 0, i.e., gap nodes. At such k;, the winding
number is ill defined. For all other k;, we can write

1
WD(kH) = Z / dk, 8/@ arg[det D(k)], (29)
ki

i.e., the winding number describes how many times the com-
plex function det D(k | , k) winds around the origin when &
traverses the Brillouin zone once.

We now review the case of noncentrosymmetric supercon-
ductors. For such systems, the winding number Wp(k)) can
only be nonzero if the triplet-to-singlet ratio is sufficiently
large to ensure that nodal lines occur on one of the helicity
Fermi surfaces [4]. The dispersion relations of the positive-
helicity and negative-helicity bands, £ (k) = € & A|li], are
given by the two eigenvalues of the normal-state Hamilto-
nian h(k). Note that the decomposition into the two helicity
bands is different from the block diagonalization performed
in Sec. IT A since I(K) # |Ix|. We recall that /(Kk) is odd in K,
whereas |I| is even.

The gaps on the corresponding two helicity Fermi sur-
faces are A*(k) = A} £ Al |Ik]. In these systems, Wp(k) is
nonzero for surface momenta K that lie inside the projection
of the nodal lines into the sBZ. As noted in Sec. I, there is
always a region outside of the projection of the nodal lines
that is topologically trivial and does not support zero-energy
surface states. In particular, the winding number at the origin
k| = 0 always vanishes.

A system that avoids this problem would therefore have
to break TRS while still preserving chiral symmetry, i.e., the
anticommutation of the Hamiltonian with a unitary matrix of
which half the eigenvalues are 41 and the other half are —1.
The usual BdG Hamiltonian in Eq. (2) cannot satisfy both
conditions because its construction requires it to have PHS.
However, we have shown in Sec. I A that it is possible to
construct models with TRS and PHS that decompose into
blocks H, (k) that break both symmetries but retain chiral
symmetry. It remains to show that such models allow for a
nonzero winding number.

To this end, we define a winding number analogous to
Wp (k) in Eq. (26) for H, (k), i.e.,

1
Wil = 5 /k k.o, argD, ()], (30)

where

Dy (k) = —{ex + oAl(K) + i [Af + o ALL(K)]} 31
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are the off-diagonal entries of the matrices

a7 _ 0 D, (k)
Holk) = (D::(k) 0 )
= Ws.o (k) Hs (k)WSTU (k) (32)
and
—io (nf(” —in‘l‘;H )
2 2
() ()
Ws.o (kj) : io (i —im ) forny # 1
S,o\R||) = —= 1
2 2 2
\/_ (nf‘H) +(nk”)
—ioc 1 .
io 1 for My, = 1
(33)
diagonalizes Uy, (k|) such that
WS,U(kII)US,U(kH)W;(, k) =o. (34)
We thus have
1
Wiok)=— dk, 9
1o(kp) 2”/@ 10k,

x arg (ex + oAl(K) + i [A} + 0 ALL(K)]).
(35)

We note that due to /(k) being odd in k the winding numbers
of the 1 and | blocks are related by

W (k) =—-WL (k) (36)

for the case of (s+ p)-wave pairing with A* = const and
A" = const, which we have assumed in our calculations.
This result still holds true as long as the admixtures of
higher-moment contributions are sufficiently small and the
quasiparticle energies in the bulk, i.e., the eigenvalues of the
bulk BAG Hamiltonian, do not have nodes. It is therefore
sufficient to consider only one of them, e.g., W, ;(k)), from
now on.

We now assume a sufficiently weak SOC strength A and
a dispersion €, i, that is sufficiently flat in the ky directions
such that for every Kk there is exactly one positive and one
negative solution k; for

ik = €k AL K1 =0, 37

This means that the Fermi surface for each helicity £ consists
of a corrugated sheet with k; € (0, 7) and another sheet with
k; € (—m,0). We denote the perpendicular components of
the k points on the positive-helicity Fermi surface, i.e., the
solutions k. of &' , =0, by k{" > 0 and k{” < 0 and the
solutions for the negative-helicity Fermi surface by k(f) >0
and kf) < 0.

The resulting conditions for nonzero winding numbers in
the entire sBZ read as

Sgn(A’ji”’ku) - _Sgn(A’;f)’kn)’ (38)
Sgn(A’?vak\) - _Sgn<A’;f)»kn)’ (39)

where A*(k) = A} £ Al |lk]. A detailed derivation is given
in Appendix A. Since AT is always positive for A%, A’ >0

this means that A~ must be negative everywhere on the
negative-helicity Fermi surface, which requires a sufficiently
small singlet-to-triplet ratio A*/A" < min |I(k;)|.

II1. IDEAL SYSTEM
A. Crystallographic point groups

In this section, we determine for which point groups
one can find parameter regimes where the winding number
Wi »(kj) in Eq. (35) is nonzero for all momenta k; in the
sBZ for some surface orientation. As shown in Sec. II B, this
requires the matrices H(k) and an“ to commute. This is
equivalent to the requirement that a unit vector ny, indepen-
dent of k; exists such that the vectors g, K and dkl,ku and
hence I, k, are parallel to ny . There is no point group that
guarantees this relation but there are several point groups for
which one can at least fine tune the parameters in such a way
that the symmetry holds. Point groups with inversion symme-
try can be excluded since they are incompatible with a nonzero
SOC vector I, i, . Of the 32 crystallographic point groups, the
21 groups C1, G, C3, Cy, Cs, D2, D3, Dy, Dg, Cay, C3y, Cayy Cos
D»y, Cy, Cspy, D3y, S4, T, O, and T; are noncentrosymmetric.
T, O, and T;, cannot satisfy the symmetry in Eq. (12), even
approximately. This can be seen from the fact that, for any
surface orientation, Eq. (9) requires the existence of a vector
ny, for every point K in the corresponding sBZ such that

ny, = o Rngy (40)

for some real number oy, and every element R of the point
group. However, all the cubic groups contain the four C; axes
of a regular tetrahedron. For a threefold rotation, Eq. (40) can
only be satisfied if the vector ny, is parallel to the axis of
rotation. It would thus have to be parallel to all the four C;
axes at once, which is impossible.

For the other noncentrosymmetric point groups, those in-
cluding a three-, four-, or sixfold rotation axis, i.e., C3, Cy, Cg,
D3, D4, D6, C3U, C4v, Cﬁv, C3h, and D3h, as well as S4, which
contains a fourfold rotation-reflection axis, and D,;, which
has three orthogonal C, axes and two mirror planes containing
one of the axes, the same equation leads to the restriction
that the SOC vector must be parallel to the principal axis,
which we will define as the z-axis. For the groups D, and Cy,,
Eq. (40) would allow for the SOC vector to be parallel to any
of the three coordinate axes x, y, or z. Continuity then forces it
to be unidirectional in the entire sBZ. For the point groups (5,
which contains only one twofold rotation axis z, and C;, which
contains the mirror plane xy, the SOC vector may either be
parallel to the z-axis or have an arbitrary orientation within the
xy plane. The C; point group does not imply any restrictions
on the orientation of ny,. Hence, only the groups C;, C, and
C) allow for the orientation of the SOC vector to vary as a
function of k. In this work, we assume a unidirectional SOC
vector and leave potential effects due to its k; for C,, Cy, and
C, for the future.

To find out which of these point groups are the most
promising to obtain a unidirectional SOC vector and therefore
have a nonzero winding number in the entire sBZ for some
surface orientation, we consider the lowest-order expansion
of the SOC vector. Taking the periodicity of the lattice into
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account, this can be done by writing

b= cjis sin[k- (jgi + kg +1g3)]. (4D
Jok,l

with lattice vectors g, g, g3 and vector-valued coefficients
¢; 1 that respect the lattice symmetries [26,27]. We expect
the dominant contribution in Ik to come from nearest-neighbor
terms. For a nonzero winding number, we not only need to
write the SOC vector as Iy = I(K)ny, but we also require /(Kk)
not to be even in k, . If /(k) were even in k, the image of
the function D, (k) in Eq. (31) as a function of k; would be
a curve in the complex plane that does not enclose any area
and therefore cannot lead to a nonzero winding number. It is
therefore necessary that /(k) is not even in k| .

Equation (41) shows that the point groups C,, Cs, Cy, C,
D5, D3, Dy, and Dg lead to a unidirectional SOC vector with
k; =k, if only the coefficients of terms parallel to Z are
nonzero. This corresponds to a SOC vector proportional to
sink, Z to first order. For the point group D,, one can alter-
natively also set k; = k, if the SOC vector is proportional to
sink, X or k. = k, if the SOC vector is proportional to sin k, §
to first order. For the point groups C, and Cs, the three surface
orientations (100), (010), and (001), i.e., k; € {k,, k,, k;} can
all lead to a first-order approximation /(k) =sink; and a
nonzero winding number in the full SBZ. In these cases, the
SOC vector is oriented normal to the corresponding surface. In
principle, higher-index surfaces containing the z axis are also
permitted since the SOC vector may point in any direction
in the xy plane. However, this leads to backfolding of the
sBZ and is thus incompatible with the special shape of the
normal-state Fermi surface assumed in our model.

For the point group C;,, the most general form of the SOC
vector on an orthorhombic lattice is

o C“_;,k,z cos(jk,) sin(kky) cos(lk;)

I = Z ¢ . Sin(jky) cos(kky) cos(lk;)

Js
Jik,1=0 Cjﬂ,k,z sin(jk,) sin(kk,) sin(lk;)

)X+ (c] gosink:+...)§
), (42)

— X 3
= (cf o8inky + ...

+ (¢ sink,sink, sink, +

with real coefficients ¢* L c (L and ¢% L This can be derived
from Eq. (41) by expandmg sin(jk, + kk + lk;) and using
the symmetries to derive conditions for the coefficients ¢ k-
For example, for the z-component of the SOC vector, the
two-fold rotation symmetry leads to /; Kk = Fy - ko ko from
which we can conclude ¢% k= =t e and the two mir-
ror planes lead to [; , |, = l ok ke (xz plane) and [; , \ =
likx’ky’k: (yz-plane), ie., Cj‘,k,l = e;,_k’l = Cz—j,k,l‘ Combining
these conditions, rewriting the sum in Eq. (41) such that j, k,
and [ are positive, and redefining c* Tk to absorb all constant
prefactors leads to the z- component in Eq. (42). We therefore
again find the options &k, € {k,, k,} for

L = sinke[(c] o + €)1 CO8ky 4 €] o COSK:
+ ¢11,; cOs ky cosk;)§ + sin ky sin k. Z] (43)

and
I = sinky[(c] o0 + €] 1 gcOsks + €] o | cOSK:
+ ¢} 1. cos ky cos k)& + sin ky sin k.2 (44)

to lowest order. Focusing only on nearest-neighbor terms,
this leads to Ix ocsink,y for k; =k, and Ik ocsink,X for
k) = ky. For this point group, the choice ny, = Z cannot lead
to Wla(k”) # 0 for all kj, because even if the prefactors
of sink, X and sink, ¥ are arbitrarily small compared to the
coefﬁ01ents ¢’ 4. the SOC vector rotates from an orientation
parallel to Z to one parallel to § or % in a sufficiently small
neighborhood of k, — 0 or k, — 0, respectively, so that the
spin symmetry is broken there.

An analogous problem occurs for ng, = 2 for the point
groups Csy, Cay, Coy, Doy, Csp, D3y, and Sy. All of these
groups include more than just twofold rotation symme-
tries or a single mirror plane so that the z-axis is the
only orientation of a unidirectional SOC vector that is not
forbidden by Eq. (40). However, like for Cy,, ng, = Z can-
not lead to a nonzero winding number in the full sBZ.
Therefore one cannot get a nonzero winding number in
the whole sBZ for any surface orientation for these point
groups.

This leaves the eleven point groups Ci, G, C3, Cy, Cs,
Dy, D3, D4, Dg, Cy,, and C, which can all lead to a nonzero
winding number in the whole sBZ if the parameters in
the SOC vector are fine-tuned appropriately. A detailed list
of the possible options can be found in Table I in Ap-
pendix B. Superconductors belonging to several of these point
groups exist, e.g., [r,Gag [28], RhyGag [28], and Y;Pt4Ge s
[29] in C, BiPd [30-32] and Ulr under pressure [33-35]
in C,, LaNiC, [36,37] and ThCoC, [38] in C,,, as well
as (Ta, Nb)Rh,B, [39,40] with C5. To our knowledge, the
triplet-to-singlet pairing ratio, which needs to be large for
our scenario, is unknown for these compounds. The pos-
sible exception is (Ta, Nb)Rh,B,, which might have line
nodes [40], suggesting a sizable triplet component. How-
ever, the presence of line nodes of course precludes our
scenario.

B. Results

For the eleven point groups Cy, C,, C3, C4, Cg, D3, D3, Dy,
Dg, Cy,, and Cg, there is at least one surface orientation k| €
{ky, ky, k;} such that the nearest-neighbor approximation for
the SOC vector is

lk = sin kl n, (45)

with a unit vector n = ny, .

In this section, we will assume that the parameters are
chosen such that there is a vector n which is exactly parallel
to I, k, for all k. The experimentally more realistic case, in
which this condition is only approximately satisfied, is dis-
cussed in Sec. IV. In order to get a nonzero winding number,
it is also necessary that the gaps on the positive-helicity and
negative-helicity Fermi surfaces have opposite signs. The gap
A;} on the positive-helicity Fermi surface always has positive

sign if we assume A} = A* > 0 and A} =A’ > 0 so that this
is equivalent to requiring the gap A __ to be negative. Here,
.
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we use the definition of the Fermi momenta ki = (kjf), k)
from Sec. II B, where they were given as the solutions k
of élf = ¢k = Allk| = 0. This means that the projection of
the Fermi surfaces has to cover the entire sBZ in order to
get solutions kjf) for all k; in the sBZ. We assume a SOC
vector I, , | m with I(K) = c;sink; and k; = k;. For the
dispersion €, we choose a model with C,; point-group sym-
metry on a tetragonal lattice. We assume a nearest-neighbor
hopping amplitude 7, in the z direction and a hopping am-
plitude #,, in the x and y directions as well as a chemical

J

potential wu, i.e.,
€k = — — 2t; cos k; — 2t,,(cos k, + cos ky). (46)

Changing the dispersion, e.g., to account for a different point
group, does not qualitatively alter the following results, and
calculations for different directions of n and k£, can be done
analogously and also lead to similar results.

For every point k| in the sBZ, the two solutions
of the equation ex — A|l(k;)| = 0, i.e., the negative-helicity
Fermi momenta, can be calculated, yielding

(3).(4)
kJ_

kf)‘(4) = 2 arctan

Xi¢%+ﬂ—bﬂf2@®mh+um@w

(47)

2+ [—f1 — 2fy(cos ky + cos ky)]

if4+ =+ 2f,y(cos ky + cos ky)]2 > 0, where we have introduced the dimensionless parameters 7., = t,,/t., il = u/t,, and
A = c;A/t,. We therefore get a nonzero winding number if Ly, < A*/(c;A") < lpax With

[min = max (O, max

x5 Ky

M —ft — 2f(cos ky + cos ky)] — 2\/4 + A2 — [—fi — 2fy(cos ky, + cos ky)]2> )

4422

lmax = min

This means that the winding number is nonzero in the
entire sBZ for a subset of nonzero measure of the parameter
space (i, X AS/(c, A, fxy). Figure 1 shows the boundary of
the projection of this region into the three-dimensional pa-
rameter space (fi, A, A*/(c,A")) in gray. The colored planes
in this region indicate below which maximal value of 7,
a nonzero winding number at that point (ji, A, A*/(c.A"))
is still ensured in the whole sBZ. Figure 1 shows that the
dispersion e¢x must be sufficiently flat in the k; direction,
i.e., 7, must be sufficiently small, and that A*/(c,A") must
be sufficiently small, i.e., the spin-triplet component of the

1.0 0.4
08 %
06 <
6 ;< 0.3
0'2 =
: 0.2
0.0
1.00 0.1
0.75
9 0.50
71 0 025 \P\\W 2&maxO.O
1 0.00 v
/%, 2

FIG. 1. Parameter regime which ensures a nonzero winding
number in the entire sBZ for the model of Sec. III B. The boundary
of the region in the three-dimensional space (ji, &, A*/(c.A')) where
this is possible is shown in semi-transparent gray. The colored planes
show the maximal possible value of ,, such that the winding number
is still nonzero everywhere in the sBZ.

A —ft — 2F(cos ky + cos ky)] + 2\/4 + A2 — [—fi — 2f,y(cos ky + cos ky)]?
kx’k,v 4 4 XZ .

(49)

(

pairing must be sufficiently strong compared to the spin-
singlet pairing.

As an example, Fig. 2 shows the energy and inverse partic-
ipation ratio (IPR) of the surface state and of the bulk state
with the lowest energy at given k| = (k,, k,) for a system
witht, = 1,1, =0.1, u = -1, =0.1, A =0.1, A" = 0.2,
and ¢, = 1 calculated by exact diagonalization of the BdG
Hamiltonian on a slab with Z = 500 layers. The derivation
of the specific matrix that has to be diagonalized is presented
in Appendix C. The IPR

MWz, k)l =Y WG, kI, (50)

Zi

where W is the normalized wave function, measures the local-
ization of a state, i.e., a localized surface state has a higher IPR
than a delocalized bulk state. Figure 2(a) shows the energies
of both states, which illustrates that the bulk is indeed fully
gapped. Here, the bulk state with the lowest energy refers to
the eigenstate of the slab Hamiltonian at given k| = (k,, k)
that has the minimal positive eigenenergy among those states
that are not localized at the surface, as inferred from the IPR.
In Figs. 2(b) and 2(c), we plot the energy of the bulk state and
the corresponding IPR, respectively. Figure 2(d) shows the
energy of the surface state, which is an almost flat band very
close to zero energy. The IPR of the surface state is plotted
in Fig. 2(e). When comparing the IPR of the surface state
and of the bulk state, note that the same color scheme was
used for different orders of magnitude. It is obvious from the
comparison of Figs. 2(c) and 2(e) that the IPR of the surface
state is much higher than the IPR of the bulk state because the
former is localized at the surfaces of the slab, while the latter
is spread out over all layers.
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x1073

bulk IPR

[

surface-state I

0
ka

[
3

FIG. 2. Energy and IPR of the surface state and the bulk state with the lowest energy at given k; = (k,, k,) in an ideal system with nonzero
winding number W, , (k) in the full sSBZ. (a) Surface-state energy and lowest bulk energy, illustrating the size of the gap. (b) Lowest bulk
energy as a density plot. (c) IPR of the corresponding state, where low IPR corresponds to a delocalized state and high IPR corresponds to a
strongly localized state. (d) Energy and (e) IPR of the surface state. Note that in panels (b) to (e) the same color scheme is used for different

orders of magnitude.

Figure 3 demonstrates that for sufficiently small A*/A’,
the energy of the surface state indeed decreases exponentially
with increasing thickness Z. The finite energy of this state
within the parameter region with a nonzero winding number
is therefore a consequence of the finite thickness. Outside
of this parameter region, the energy approaches a constant
nonzero value for Z — oo. This transition from nonzero to
zero winding number can be seen in the inset, where the
former corresponds to the lines with negative curvature while
the latter corresponds to lines with positive curvature. The
transition is marked by the red line in Fig. 3, which has
been determined by calculating A" = A*/(¢;lnax) Where Lyax
is given by Eq. (49). This leads to a value of A’ &~ 0.1335,
which has been used to obtain the red line.

0.25
104 I

~ 10.20

-8

= 10 0.15

"

g
1071 0.10
10-16 ' ' 0.05

0 500 1000 1500 2000

Z

FIG. 3. Lowest eigenvalue of the Hamiltonian as a function of
the thickness Z for various values of the triplet pairing amplitude A’.
For sufficiently large values of A’, the winding number ensures the
existence of a zero-energy surface state in the limit of an infinitely
thick slab, while for a slab of finite thickness, the energy of the
surface state decreases exponentially. If A’ is too small, there are no
zero-energy surface states and the energy approaches a finite value.
The inset shows the same data for small A’ on a double logarith-
mic scale. The red line indicates the transition between zero-energy
surface states and states at finite energy.

IV. NONIDEAL SYSTEMS

In this section, we consider terms in the Hamiltonian that
break the symmetries described in Sec. III. By construction,
PHS is always present in the BAG formalism. Therefore chiral
symmetry and time-reversal symmetry are equivalent. These
symmetries could for example be broken by introducing an
exchange field at the surface of the slab [12,17,41], which
would couple to the spin polarization of the surface states. In
the case where the spin-rotation symmetry is still preserved,
i.e., the field points along the spin axis, this leads to a shift
of the flat bands in energy. The shift depends on the (very
small) range of the exchange field and on the decay length
of the surface state into the bulk, i.e., on its localization at
the surface. If the exchange field breaks not only TRS but
also spin-rotation symmetry, i.e., if the field is not parallel
to the spin-rotation-symmetry axis, the leading energy cor-
rection still comes from the field component that couples to
the spin polarization of the unperturbed system. Only if the
field is orthogonal to the spin rotation axis the leading term in
perturbation theory is of quadratic order in the field. However,
in real physical systems, the idealized situation described in
Sec. III is unlikely to occur even in the absence of an applied
field because the spin symmetry in Eq. (12) can only be
achieved by fine tuning parameters in the SOC vector. In this
section, we therefore focus on the case where this symmetry
is broken: It is plausible to assume that while one can find
systems where the SOC vector will point in approximately
the same direction for varying momentum k,; perpendicular
to the surface, there will generically be small deviations from
this direction. If the spin symmetry is not present, the winding
number W, (k) cannot be defined and there are no flat bands
of zero-energy surface states. However, we can still consider
the BAG Hamiltonian

HEK) = HO®K) + HV(Kk) (51)
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as the sum of the unperturbed Hamiltonian

’H(O)(k) — ( (AIY( + Ai(lk'a)(iq")>
—€xop + )\.ll”(()'*
(52)
which only contains the part l{'{ = (I - my my, = ' (K)my, of
the SOC vector parallel to ny, and a small perturbation

’H(l)(k) — ( Ai((ll% : 0')(i0),))’ (53)

iR *
Al - o

€xop + )\.lﬂO’
—~(i0y) (A} + Ajl0)

N
—A{((iay)(lf; -0)

which contains the components L =l — (I - my )ny, or-
thogonal to mg,. In this section, we will use degenerate
first-order perturbation theory to estimate the energy of the
surface states of H(k), employing an approximation for the
surface states of H?)(k) which we obtain by a quasiclassical
approximation in the direction orthogonal to the surface.

The normal-state block of the unperturbed Hamiltonian
has the eigenvalues &F = ¢ + A|ll| = e + A|{! (k)| with the
corresponding eigenvectors
ng +iny, r
b G or,

{(1LO)", (0, DT}
{0, D, 1,07}

for nf(” #*1,

+ __
Yk = for nf'(” =1,1Ik) > 0,

for nf'(” =1,11(k) < 0.
(54)

As the matrix A} + A{(l]“( - 0 commutes with the normal-state
block, the two matrices are simultaneously diagonalizable,
which means that the vectors in Eq. (54) are also eigenvectors
of Ay + Ai(ll”( - 0. The corresponding eigenvalues are Alf =
A} £ ALIT(K)].

We assume that the unperturbed Hamiltonian is fully
gapped, thus we expect the gap to also stay open in the per-
turbed system as long as the perturbation is sufficiently small.
We also know that there is a finite region of the parameter
space where W, 4 (k) = W, y = 1 for all momenta in the sBZ
and that this leads to [Wy 4|+ Wy | =2|WL 4| =2 pro-
tected zero-energy surface states in the unperturbed system.

For every point k in the sBZ, there are four points on
the positive-helicity and negative-helicity Fermi surfaces that
are projected onto this point. As in Sec. II B, the solutions
of &'\ = 0 are denoted by k"’ > 0 and £ < 0, while the

solutions of gklku = 0 are denoted by k(f) ~ 0 and kf) <0.
We make the ansatz [42]

W(ry, k) = al(<1”) Wtk kpexp (ikVry — K/;E",k” ry)

2 2 e
+ al((”) ql+(ki), k) exp (lki)l’j_ — kaf)’k” rJ_)

+ al(i) \I”(kf), k) exp (ikf)rl — /ck}) kK rL)
>,

+ag) Wk, k) exp (ikPry - r1)

(55)

K u
K Xy

for the wave function of the surface state, where Kki is the

inverse decay length

2 _ 2
ot v/ [AL] E E=0 |Alf| (56)
k AT gl AT gl

with the Fermi velocity perpendicular to the surface,

.o _ 1o

- 57
VLF T R ok, 7

k=(k" k)

The spinors W are defined as

sgn[l! (k)] + nf'(u

ot ey
WET k) = 4 sgn[l(K)]

(1, £n, Fyfn, )T,
(58)

with n = (ni((H + ini;H )/(sgn[l (k)] £ nZkH ), which is only well
defined for nZkH # 1. Moreover, kf is chosen such, that k =
(k,k)) = kg is a Fermi momentum, ie., kT € (k" k{?}
and k| € {k(f), kf) }. For n, = 2, we instead find

1

WERTE k) = {ﬁ

1
(17 0» 07 VJ)T: E(()’ 17 _Vk_s O)T}
(59)

for I (k) > 0 and

1 1
UE(kT k) = {—(0, L=yt 0, —2(1, 0,0, y]:)T}

NG NG
(60)

for I (k) < 0. Moreover, we have defined

1
yf:F[E—isgn(va) |AE]2 — E?, (61)
K

which for E = 0 becomes

ylf =—i sgn(viF) sgn(Af)
s + () - _ 1@
_J—i forkj =k, andfork] =k", ©2)
i forkt = &P and for kT = k.

Our approach relies on the quasiclassical assumption that
the system is continuous in the direction perpendicular
to the surface, which is located at r, = 0. For a sur-
face state, the coefficients ¢ have to be chosen such that
the wave function vanishes at the surface, i.e., ¥(r; =0, k) =
0 and is normalized, i.e.,

/ dri Vi (r, k)W(r, k) = 1. (63)
0

The first condition means that the coefficient vector
(al(:”),al(j),al((?,al((t))T must be in the kernel ker(M) =

{(—=1,0,0, DT, (0, —1, 1, 0)T} of the matrix

M= (&), &), o (kD), w(k?)),  (64)

where k@ = (k'”, k). Therefore there is a two-dimensional
eigenspace of zero-energy surface states for #?), which is
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spanned by the vectors W, (r, k) and W»(r |, k) with

Uy (ry, k) = akH [ exp (ikil)rL Klil)rl) + exp (ikf)r /clf:‘)rl)]

I (D . . T
Sgn[l (kJ_ s k|| )] + nk\l 1 nk” +mkH ; nk\l -anH . for 1t 75 |
4sgn[lI (k" k)] " sgnlll kD kg el Kl k| ’
x ., (65)
7(1,0,0, =)' fornf = 1,11(k) > 0,
%2(0, 1,i,0)" form =1, (k) <0,
W (r, k) = aﬁ)[ — exp (ik( )rL — Kk rl) + exp (lk(3)rl — Kl(( )rl)]
I — 2 oy oy T
sgn[l (kJ_ s kII )] nk“ _ nk\l +mkH ; nkH +mkH ; for 1 75 1
4sgnllI(k", k] senll VK k1= sl VK k1= ky 7
X (66)
L —i.oT — I
50, 1,-i,0) form = 1,11(k) > 0,
L N, — I
ﬁ(l’ov 071) fOI‘an(H —_— l,l (k) < 0,

where we have used sgn[l"(kj_l), k)] = sgn[l”(kf), k)] = —sgn[l"(kf), k)] = —sgn[l"(kf), k,)]. To ensure normalization, the
coefficients al((’u) have to be chosen as

o ~12
al((lu) = [/o dri| —exp (ik(ll)u Kk rL) + exp (zk(4)rl Kl((4)rL)|2i| /
© M@ -172
= |:/ dry 2e ®ir e [cosh (Kl((l)rl - Kl(( )rl) cos (kil)rl - kf)m)]] , (67)
° 0 —12
al((? = |:/0 dri|—exp (ik(f)r /cl((z)rL) + exp (ik(f)r Kf)u)} i|

o0 @3 -172
= |:/(; dr2e (a3 )L [cosh (Kliz)rl Ks)rl) cos (kf)rl — k(f)rl)]:| . (68)

The first-order corrections to the energy of the surface state for the full Hamiltonian H = H® + H" can be calculated by
diagonalizing the 2 x 2 matrix P with entries

Pij = (W HV|¥;) = / driw] (i K HD (—id, k)W (rL, Ky, (69)
0

where the first argument of H"V(k) = HV(k_, k) is replaced by —idy, (note /i = 1), acting on the wave function W;(r, k).
If we assume that only the lowest-order terms in I are relevant, i.e., that I does not depend on &, we get the first-order energy
corrections

o (D (1) 4 ) 7.3 (3) (2 2)
(1)(k‘) _ :l:al((lu)al((zn) /(Az)Q 1L A2 |l]%| / drl(e_'h TL—Rp L e—lki ri_KkprL)(e’k TL=RKGTL elkl-)rL_Kl[‘Frl) (70)
0
of the eigenvalue corresponding to the surface state. We thus find
EP k) =+ A2+ 22 I 71
1 (k) = Fag V(A7 + A% I | (71)

with the prefactor

1, (2),.(3), (4)

12
_ M0 0 @)2 W)@ 3, L G21l/2 Kk Kk K K
o = 2[ (k) + i, +rg )+ KD =KD =KD+ K0 O REINE,
(KkF + K )(Kkl-‘ + Ky )

12
(Klilp) (4))2 + (k(l) k(4))
2 2
[ +162) + (k" = K2 (6 + ) + (kD = €Y7
(2) 3)\2 2) 3) 12
(k) + k)" + (K2 = &)

2) “) 2) _ @ 2 (3) (4) 3) _ @ 2 (72)
[( + K ) (kJ_ kJ.)]( ) (kJ_ kJ.)]
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For practical purposes, it is useful to compare the energy
E{" (k) to the energy of the lowest-lying bulk state, i.e., with
the gap size. The minimal gap size is Epyik,min = ming, |Al:F [,
such that

ES k) ) (A1) + 22 [I| )
Epuik,min " AT ming, [, | — A

We now simplify the model further, in order to be able to
calculate ay, analytically. To this end, we assume the momen-
tum dependence of the SOC vector of the unperturbed system
to be {!(k) = sink, and the dispersion €, x, = €, k, to be
even in k; . The first assumption is reasonable for most of the
noncentrosymmetric point groups which can exhibit a nonzero
winding number W, , (k) in the full sBZ, if we assume that
the SOC vector is dominated by nearest-neighbor terms, as
shown in Appendix B. The second assumption means that
hopping terms in any direction which is neither parallel nor
orthogonal to the surface should be negligible. For instance,
this is the case if we assume dispersions consisting only of
nearest-neighbor hopping terms. These assumptions lead to

K2 = kD = kD, and il = 12, 16 = 1 s0 that
the prefactor is
(1), (3) (1) (3) 2 1) (3))2
ki K (kg Trg) + (K +ED)
e () B3 BT RS D _ 002
Ky, T Ky, ( + Ky ) (kL _ki)
1
x G 7))

VO + VY )+ ()7

We now compare Eq. (71) with the result of exact numer-
ical diagonalization of the BAG Hamiltonian of a slab with
a (001) surface and Z = 500 layers in the z direction for a
system with C, point-group symmetry. Other possible point
groups and surface orientations are discussed and compared
in Appendix B. The general form of the SOC vector in this
point group is

Cirl sin(jk, + kky) cos(lk;)
I = Z ¢ . sin(iky, — kky) cos(lk;)
k.l cj.’k,[ cos(jky + kky) cos(kk, — jky)sin(lk;)
(75)
with the real coefficients ¢j, , and cj’k’]. Restricting this to
nearest-neighbor terms, we get

’

L = (¢} o0 Sinky + ¢ 1 o Sink,y) &
+ (¢} g0 sinky — ¢f 1 o sinky) §
+ GG sink, 2. (76)

In order to obtain a SOC vector which is approximately
parallel to the z axis, we require |cj gl [¢p 10l K 1cG gl
Equation (71) leads to the approximation '

ED (k) = o1 V2 VAR 4224 (¢5) + (e 1)
x y/sin? k, + sin’k, (77

for the surface-state energy. This relation shows that the en-
ergy of the perturbed surface band and thus the band width

are of first order in the perturbation, i.e., in the SOC terms
that break the symmetry in Eq. (12).

Figure 4 shows the energy and IPR of the surface state and
the first bulk state for the point group Cy4, with the parameters
for HO beingt, = 1,£,, = 0.1, u = —1, A = 0.1, A* = 0.1,
and A’ = 0.2, as in Sec. III and the parameters for (! being
€100 = €10 = 0.025 and c; , ; = 1. Figure 4(a) shows both
the energy of the surface state and the gap. For the surface-
state energy, the result of the exact diagonalization of the BdG
Hamiltonian is given in blue, while the result of first-order
perturbation theory is plotted in orange. Both results lie almost
exactly on top of each other, with the relative difference be-
tween the two never exceeding 7 x 1073 such that the orange
and blue plot cannot be distinguished in the figure. A plot of
the relative difference between the two energies is given in
Appendix B in Fig. 6. For the first bulk state, i.e., the gap size,
the value from the exact diagonalization is plotted in green.
The plot in red shows the gap

min A,

N AL = A (78)

kL,F‘kH

Both plots should coincide in the limit of an infinitely thick
slab, while for finite thickness, the result from exact diagonal-
ization should be slightly higher, due to the discretization of
momentum space. In Fig. 4(a), the red plot is barely visible
below the green, which shows that the thickness is sufficiently
large to yield the expected energy for the bulk states. In
Figs. 4(b) and 4(c), we plot the energy of the lowest-energy
bulk state and its IPR, respectively. Figure 4(d) shows the
energy of the surface state, calculated by exact diagonaliza-
tion of the slab Hamiltonian, while Fig. 4(e) shows its IPR.
The comparison of Figs. 4(b) and 4(d) demonstrates that the
energy of the surface state is still much smaller than the gap.
The flatness of the surface band can be controlled by the ratio
of the parameters cj ,, and ¢ | o to ¢ - The fact that the
IPR in Fig. 4(e) is much larger than the one in Fig. 4(c) shows
that the state close to zero energy is still much more strongly
localized than the bulk state and the perturbation H" does
not destroy the surface state.

V. SUMMARY AND CONCLUSIONS

Superconductors with zero-energy flat bands of Majorana
states at their surfaces accompanied by full energy gaps in
the bulk would be of tremendous interest from both funda-
mental and applied perspectives. However, crystal symmetries
and TRS generically cannot guarantee such a situation. We
have shown that it should nevertheless be possible to real-
ize such systems at least approximately, i.e., with a nearly
flat surface band in a full bulk gap. We have done this in
two steps. First, we have derived the conditions for ideal
flat surface bands. We have identified a winding number that
protects such flat bands at specific surfaces of noncentrosym-
metric superconductors with TRS. For every point in the sBZ,
these superconductors must have a SOC vector that does not
change in direction—but may change in magnitude—as a
function of the momentum component normal to the surface
and is parallel to the triplet-pairing vector. Consequently, the
BdG Hamiltonian commutes with a component of the elec-
tronic spin and can be block-diagonalized into spin-up and a
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FIG. 4. Energy and IPR of the surface state and the bulk state with the lowest energy at given k; = (k,, k,) for the C4 point group and a
SOC vector with nonzero components 11”( with ¢f oo = 519 = 0.025, ¢§ o ; = 1. (a) Surface-state energy from first-order perturbation theory
(blue) and from exact diagonalization (orange, obscured by and indistinguishable from the blue surface) and lowest bulk energy from exact
diagonalization (green) and from the minimal gap (red, nearly obscured by the green surface), illustrating the size of the gap. (b) Lowest bulk
energy as a density plot. (c) IPR of the corresponding state, where low IPR corresponds to a delocalized state and high IPR corresponds to a

strongly localized state. (d) Energy and (e) IPR of the surface state.

spin-down blocks. While the fully gapped BdG Hamiltonian
of the entire system obeys TRS 7 with 72 = —1, PHS C with
C? = +1, and chiral symmetry, and is therefore in symmetry
class DIII, the spin-up and spin-down blocks individually
obey neither TRS nor PHS but retain chiral symmetry so that
they are both in symmetry class AIIl. Due to the chiral sym-
metry, we can bring the spin blocks into off-diagonal form and
define a winding number as the winding of the off-diagonal
entries in the complex plane when the momentum component
normal to the surface traverses the bulk Brillouin zone. We
have discussed a simple model for which the winding number
can be written in terms of the signs of the gaps on the spin-up
and spin-down bands at the respective Fermi surfaces. If the
triplet-pairing amplitude is sufficiently large and the normal-
state dispersion is sufficiently flat in the directions parallel to
the surface, i.e., it is quasi-one-dimensional, the chemical po-
tential can be chosen such that the winding number is nonzero
in the entire sBZ.

Furthermore, we have identified the point groups that per-
mit such a nonzero winding number. As an example, we

ke

have calculated the surface-state and lowest bulk-state en-
ergy for the BdG Hamiltonian of a slab with C4 point-group
symmetry and a SOC vector pointing in the z direction. We
have also calculated the IPRs for these states to show that
there is indeed a zero-energy surface state and a finite bulk
gap everywhere in the sBZ. The method of choice for the
detection of (approximately) zero-energy surface bands is
angle-resolved photoemission spectroscopy (ARPES). How-
ever, ARPES may not work because heating effects could
prevent reaching the required low temperatures. The key ex-
perimental signature of the zero-energy surface band is then
a zero-bias conductance peak in low-temperature tunneling
experiments [1,2,4,6,43,44].

In the second step, we have examined the effect of a small
component in the SOC term that breaks the spin-component
symmetry. This is the realistic situation because, in contrast
to the occurrence of an exact commutation with a spin com-
ponent, it does not require fine-tuning of parameters. We
treat the symmetry-breaking term as a small perturbation.
We have employed a quasiclassical approximation for the

x1073
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T 0
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—_

T 7 |EG]
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FIG. 5. Surface-state energy Ej calculated by exact diagonalization of the slab BAG Hamiltonian for the point groups (a) C,, (b) Cy, (¢)

D;, (d) Cy, and (e) Cy,.
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FIG. 6. Relative difference between the surface-state energy E calculated by exact diagonalization of the slab BdG Hamiltonian and the
surface-state energy E{ calculated within perturbation theory with Eq. (71) for the point groups (a) Cs, (b) Cs, (¢) D2, (d) C;, and (e) C,.

unperturbed surface state and have derived its energy within
degenerate perturbation theory. The dispersion of the surface
states and their band width turn out to be of first order in
the symmetry-breaking SOC terms. We have compared these
results to the numerical exact diagonalization of the BdG
Hamiltonian of a slab for the exemplary point group Cy4, find-
ing very good agreement of the quasiclassical and perturbative
approximation and exact diagonalization. The results show
that sufficiently weak breaking of the spin-rotation symmetry
does not destroy the surface states and keeps them at low
energies but makes their dispersion weakly dispersive. On the
other hand, the bulk gap remains large. We therefore expect
a somewhat broadened zero-bias conductance peak in low-
temperature tunneling experiments for such systems [2,4,43].

Our work describes the surface bands at the BdG mean-
field level, i.e., the quasiparticle states forming these bands
are effectively noninteracting. Since the band width is small,
residual interactions between the quasiparticles easily drive
the system into a strongly correlated regime. The correla-
tion effects will be fundamentally different from, e.g., flat
bands in magic-angle twisted bilayer graphene, in that the
Bogoliubov quasiparticles are not charge eigenstates and their
average charge is small. Hence, interactions mediated by
the Cooper-pair condensate and possibly by phonons will
play an important role. The proposed setup thus provides a
route to unconventional, strongly correlated, two-dimensional
fermionic systems.

A reasonable next step is to search for suitable candidate
materials. These materials should be superconductors with
a crystal structure belonging to one of the point groups Cj,
C,, C3, C4, Cg, Dy, D3, Dy, Dg, Cyy, or C;. Moreover, they
should have a Fermi surface which is sufficiently flat in di-
rections parallel to a surface such that the projection covers
the entire sBZ. Moreover, the material should have a strong
triplet-to-singlet ratio for the superconducting gap. Among the
identified candidates, one can then try to find the ones which
come closest to a unidirectional SOC vector.
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APPENDIX A: CONDITIONS FOR
NONZERO WINDING NUMBER

In this Appendix, we derive the conditions under which
the winding number defined in Eq. (35) can be nonzero
in the entire sBZ. The winding number W, ;(k;) describes
the winding of the image of the function D, (k| , k) = ek +
oM(k) +i[A} + o ALI(K)], see Eq. (31), around the origin
of the complex plane. We note the close connection between
the real part of D, (k| , k) and the dispersion of the positive-
helicity and negative-helicity bands Sf:

&7 for I(k) > 0,
£° forik) <0,

(AD)
as well as of the imaginary parts of D, (k,, k) and the gap
A on the two bands,

Re D, (ki Ky) = e + oAl(K) = {

Ay fori(k) >0,

A7 forl(k) <O0.
(A2)

We assume that for every point k| in the sBZ, both ékt K =0

ImD, (ki Ky) = A} + o ALI(k) = {

and & , =0 have exactly two solutions each, which we
ki K

denote by kil) > 0, k(f) < 0 and k(f) > 0, kf) < 0, respec-
tively. This means that the projections of the positive-helicity
and the negative-helicity Fermi surfaces both cover the entire
sBZ, which can for example be achieved in a model where
the hopping is much stronger in the direction orthogonal to
the surface than in the in-plane directions and the SOC is
sufficiently weak.
We rewrite Eq. (35) as

1
W, (k) = > /k dky O, arg (—[ A} + o ALl(K)]
1

+ilex + oAl(K)]). (A3)

The argument function is smooth except for a branch cut on
the negative real axis, where it jumps by +2m, depending
on the direction in which the real axis is crossed. Since the
argument function is real valued and momentum space is pe-
riodic the only contributions to the integral come from points
ki’f(’r) where —[A} + o ALI(K)] + i[ex + o Al(K)] crosses the

104521-13



LAPP, LINK, AND TIMM

PHYSICAL REVIEW B 109, 104521 (2024)

negative real axis:

Weo(k) == 0[Af0, +0 A0, [k k)]

, Ad
ky =’<i',(§)> Y

where © is the Heaviside step function. The sign function
determines whether the arg function jumps by 427 or by
—2m. It depends on the k; component of the Fermi velocity.
The functions Re D, (k| , k) = €x + o Al(k) can only have an
even number of zeros as the image of D,, is a closed curve in
the complex plane and therefore cannot cross the real axis an
odd number of times.

Note that there is a one-to-one correspondence between
the zeros ki) of £* and the zeros of ReD, (k 1, k), me-
diated by Eq. (Al). If all the four values kjf) are also
zeros of ReDj(ky,Ky), then ReD(k., k) is nonzero for
all k; € [—m, ). This would mean that W, ;(k;) =0 and
thus W, (k) = W, (k) = O such that there is no nonzero
windin% number in the full sBZ. An analogous argument holds
if all k" are zeros of Re D, (k. , k).

The two momenta k(ll) and kj_z), which correspond to the
positive-helicity Fermi surface, are zeros of Re Dy (k, k) if
I1(k\”, k) > 0 and zeros of Re D (k. ky) if 1(k\, k) <0.
For the momenta kf) and kf) on the negative-helicity Fermi
surface, the opposite is true. The sign of I(k,, k) cannot
change between k; = kil) and k|, = k(f) and between k| =

ek + oAl(K)]
x sgn| ———
ok,

kf) and k|, = kﬁfw since this would lead to additional ze-
ros of si. This leaves two possible cases: In the first case,
both 1(k'", k;) and 1(k'”, k) are positive, whereas /(k'”, k)
and [ (kf), k) are negative, such that kj_l) and kf) are solu-
tions of Re D4 (ky, k) =0 and k(f) and k(f) are solutions of
Re D (ky,ky) = 0. Without loss of generality, we can assume
that A} = A® > 0 and Aj =A" > 0. This means that the mo-
menta on the positive-helicity Fermi surface both contribute
to the sum in their respective winding number in Eq. (A4)
because the argument of the Heaviside step function for these
momenta, i.e., A]i' , is always positive. The contribution is
either 4+1 or —1, depending on the sign of the k; -component
of their Fermi velocity, which is positive for k(j) and negative
for kf).

The momenta on the negative-helicity Fermi surface, i.e.,
k(f) and kf), contribute to the sum if the corresponding
gap A~ is positive, i.e., A*/A" > [I(kY, k)| and A’/A" >
|l (kf), k;)|. If this is the case, then the contribution of the
negative k, -component of the Fermi velocity corresponding
to kf) cancels the contribution of the term corresponding to
k(ﬁ) in Wy ;(k;) and the positive k| -component of the Fermi
velocity corresponding to k(f) cancels the contribution of the
term corresponding to kf) in W, (ky), such that both wind-
ing numbers are zero. If A*/A’ < min;e3 4y |l(k$), k)|, then
kf) and kf) do not contribute to the winding numbers and
Wik =—-1=-W_ k).

In the second case, both l(kil), k;) and l(k(f), k)
are negative and /[ (k(f), k;) and ! (kf), k) are positive.
An analogous line of reasoning leads to a nonzero

winding number WJ_’7~(kH) =1= _WJ_"L(k”) if AS/At <
min;e(3 4) |l(kjf), k). In conclusion, we find nonzero winding
numbers W, 4 (k) and W, | (k) in the full sBZ if and only
if A*/A" < minje 4 Il(kﬁ), kj)| and I changes sign between

(1,3)
1

the Fermi surfaces at positive k and the Fermi surfaces at

negative k(f’4) . This is equivalent to requiring

Sgn<A:1”aku> - _Sgn(A;(f)sku)’

+ _ -
Sgn<Akf)'ku>_ Sgn(Ak(f)vku)’

which are the conditions given in Egs. (38) and (39).

(AS5)

(A6)

APPENDIX B: OTHER POINT GROUPS

In this Appendix, we consider the effects of a not exactly
unidirectional SOC vector on the surface states for systems
with various point groups. There are 11 noncentrosymmetric
point groups which allow for a unidirectional SOC vector
and a nonzero winding number W, , (k) in the full Brillouin
zone, namely Cy, C,, Cs, Cy, Cg, Dy, D3, Dy, Dg, Cy,, and C;,
as discussed in Sec. III. Table I shows the nearest-neighbor
approximation for the SOC vector in these groups, which
is restricted according to Eq. (9). Moreover, the table lists
all possible orientations n for a unidirectional SOC vector
and the corresponding direction of k; which can lead to a
nonzero winding number W (k). The last two columns list
the conditions which must be fullfilled by the coefficients in
order to get an approximately unidirectional SOC vector and
the component lll( of the SOC vector which is parallel to n.

We now use the SOC vectors from Table I to calculate
the surface-state energies in a nonideal system, i.e., a system
where the SOC vector is not exactly unidirectional for the
examples of the C,, C4, D>, Cs, and C,, groups. We require
the spin-rotation symmetry in Eq. (12) to be approximately
satisfied, which leads to certain conditions shown in the fifth
column of Table I. For the numerical calculations, we choose
the parameters in such a way that these conditions are sat-
isfied; our choice is given in Table II. Here, we do not list
the point group C; as it requires many parameters to be fine
tuned but does not yield any additional insight. We also leave
out choices that lead to SOC vectors or first-order energy
corrections which have the same form as the ones we have
already listed. The first-order approximation for the surface-
state energy according to Eq. (71) is listed in the last column
of Table II. For the normal-state dispersion, we choose

€k = — U — 2t cosk, — 2l|| (cos kH,l 4+ cos k“.z), B1)

where k1 and kj, are two orthogonal momentum compo-
nents parallel to the surface. We choose the parameters¢, = 1,
=01, u=—1, A =0.1, A*=0.1, and A" = 0.2, which
would ensure a nonzero winding number in the entire sBZ for
the ideal system.

The results for the surface state energies for the various
point groups calculated by exact diagonalization of a slab
with a thickness of Z = 500 layers are shown in Fig. 5. The
figure shows that for all the point groups, the surface bands
become weakly dispersive. The maximal surface state energy
is approximately the same for all cases as it only depends on
the parameters of the unperturbed system, which are chosen
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TABLE I. Nearest-neighbor approximation for the antisymmetric SOC vector for all noncentrosymmetric point groups which permit a
nonzero winding number W, , (k;) in the full sBZ. The constants ¢}, ¢} ;;, and ¢; ;  are real valued. The second column gives the most

i,

general nearest-neighbor term in the SOC vector. The third and fourth columns give all possible options for the direction of a unidirectional
SOC vector and the corresponding surface orientations that can lead to a nonzero winding number W, ,(k;). The fifth column lists the
conditions which must be satisfied by the coefficients c¢; j so that the SOC vector can be approximately unidirectional and lead to surface
modes close to zero energy in the entire sBZ. The last column gives the component ll”( of the SOC vector which is parallel to n.

Component of the

Point SOC vector (nearest-neighbor Condition for SOC vector parallel
group approximation), general n ki Ik ~ [(k)n ton
C Ik = ¢i0,08ink, + €y 1,08ink, + €o,1 Sink;, €1,0,0 k, [€o,1,015 |€0.0.1] < |€1,0,0l 1{‘( = sink, €00
€0,1,0 ky  lero0ls 1€o0,1] < leo,1,0] I, = sink, co10
€0,0,1 k; ler0.0l, [€0,1,0] K [€0,0,1] 11”( =sink; €g,1
G L = (ci g0 8ink: + 5 o Sinky )% 1z ky 510l 1010l 6.0, 1l = sink,
H (cloosinke + 6o 15 k)§ < et ool: [elool x (cl00% +€10,09)
 cog sink2 ky |t o0ls et [€6.0.41] Iy = sink,
< g ol leo,1.0] X (¢5,1,0% + €p.1.0%)
z ke |00l €b.1.0]- ool I o
L, = co,1 8ink 2
|C?V).1,0| < |ctz).o,1|
G L = [c} 0,0 sin(k, /2) cos(v/3k, /2) + o0 2 k. | o0, €] 00] Il = 165 0o[1/25ink,
x cos(k,/2) sin(v/3k,/2) + ¢} o o sink, J& < 1€ 0l + sin(k,/2)
— [ = 3¢} g0 cos(ky/2) sin(v/3k, /2) <ol x cos(v/3k,/2)]
+ ¢} oo sin(k/2) cos(v/3k, /2) +ch, sink,))2
+ ¢ g08ink]/V3 5+ {ci gol1/2sink,
+ sin(k, /2) cos(v/3k,/2)] + ¢ o, sin(k,)}2
o b = (C)lc,o,o sink, + ¢4 sin kv)f‘ z k, |CT.0,0’7 }C)(;,l,o‘ < ‘Cf)‘o,1| l{‘( = {1 Sink;2
+ (¢} g sinky, — cj 1 o sink,)§
+ 5o, Sink 2
Cs L =[c} g0 5in(ke/2) cos(v/3k,/2) + €} o 2 ke |ciool [clool < lcion|l  W=cho, sink2
x cos(ky/2) sin(«/gk)./Z) + ¢} 9,0 8in kx]ﬁ
— [ =3¢} 0 cos(k,/2) sin(v/3k,/2)
+ €] g0 sin(k,/2) cos(v/3k, /2)
+ ¢l gosink.]/V3 3 + ¢y, sink:2
D, L = cf g SinkX + ¢y, o sink,y X ky |C(V),1.0’7 }CS.O,I ‘ < ‘C)I(,O,O| lﬂ =l 0 8INkX
+Cho, Sink:2 y ky |C"1¥,o,0|’ }Cé,o,d < |Ci§,1,o| L= €o.1.0 Sink§
z 2 ¢ 0.0l leo.1.0l < €50, L= Co,0,1 Sink:2
D; L = ¢ g ollsin(k/2) cos(x/gky/Z) + sin k. |X 7 k, |c’1‘.0.0| 1{\( — {Ci,o,o[l/z sink,
+ /3 cos(k,/2) sin(v/3k, /2)§) < |¢5 0] + sin(k,/2)
+{c5 o o[1/2 sink, + sin(k, /2) cos(+v/3k, /2)] < €501l x cos(+/3ky/2)]
+ €501 sin(k.) }2 + iy sin(k.) )2
D, e = ¢} oo (sink,X + sink,§) + 5, sink.2 2 ke lefoo] < lchon] I =c,, sinkz
De b = c10,0{lsin(ke/2) cos(«/gky/Z) +sink % z ke et 00| < |CS,0,1| L= €o,0,1 SiNk:2

+ /3 cos(ky /2) sin(+v/3k, /2)§}

+ ¢ 0.1 sin(k;)Z

104521-15



LAPP, LINK, AND TIMM

PHYSICAL REVIEW B 109, 104521 (2024)

TABLE 1. (Continued.)

Component of the

Point SOC vector (nearest-neighbor Condition for SOC vector parallel
group approximation), general n ki Ik ~ [(K)n ton
G Ik = g 8in kX + C{,o,o sink.y X ky |C{,0,0| < |C(§,1,0| 11”( =¢850 kX
y ks |C5,1,o| < |c‘]’00| ll”( =cj g0 8ink§
C, I = ¢}, sinkX + ¢, sink,§ 12 k. |ciools [0l Il = sink,
+ (¢ o0 sink, + 5 o sink, )2 < |Ci§.o,1 B |C<)5,0,1| X (ch01% + c0.1F)
z ke |Cit)‘o,1 0. | |Cé,1,0| lﬂ = Cj 0 8inkZ
< ¢ 0
ky lcg0.11: Ico o1l CZi,o,o’ ll”( = Cj,1,08i0kyZ
< 56.1,0’

identically for all the point groups, and on the strength of the
perturbative term, which can be measured by maxcpz |llfH |
We have chosen the parameters in the SOC vector such that
this measure stays the same, namely max, e spz |1¢H| = 0.05.
The exact shape of the surface band depends on the point
group, which is also reflected by the equations for the first-
order perturbative approximation given in the last column of
Table II.

Figure 6 shows the relative difference |E§ — E(f I/E§
between the surface-state energy Ej calculated by exact diag-
onalization of the slab Hamiltonian and the approximation E}
calculated by first-order perturbation theory. All the relative
differences are very small, which confirms the very good
agreement between the results of exact diagonalization and
the approximation in Eq. (71). We have also checked that there
are no qualitative differences for the IPR of the surface states
and the energy and IPR of the first bulk state compared to the
point group Cy so that they all look similar to the ones shown
in Fig. 4.

APPENDIX C: HAMILTONIAN MATRIX AND EXACT
DIAGONALIZATION

In this Appendix, we present the derivation of the Hamilto-
nian matrix in real space that needs to be diagonalized and

comment on the numerical method. To derive the Hamil-
tonian of a slab of thickness Z, we first Fourier transform
the Hamiltonian matrix in Eq. (1) in the direction normal to
the slab, i.e., with respect to k, , to real space. Here, we use
the example from Sec. III, with the normal-state dispersion
€x = —p — 2t; cos k; — 2t,,(cos ky + cos k) (CDhH
and the SOC vector Iy = sink; n. For the sake of concrete-

ness, we choose k; = k, and n = 2. The Fourier transform of
the fermionic operators is defined as

1 —ik.z
ko = —= 3¢ Cligon (C2)
k \/7 - (Zku)

where czz K)o (¢(zk),0) 18 the creation (annihilation) operator

of an electron with surface momentum k; and spino € {?, |}
in layer z. Performing the Fourier transformation and restrict-
ing the Hamiltonian to layers z € {0, ..., Z — 1} leads to

1 R
H=> ; Wy, H(ky) W,
I

(C3)

TABLE II. Orientation of the SOC vector and the surface as well as parameter choices and first-order energy corrections of the surface

state for the numerical calculations in Figs. 5 and 6.

Group n ky Parameters ED(K))/ (g, v/ (A2 +22)
p 2

G 2 k, o1 =1>cfyy=0.025, \/(CTVOVO sink, + ¢ | o sinky)” + (¢} oo sinks + ¢ | o sinky)

ci 1o = 0.005, ¢ 40 = 0.02,

ch 1o = 0.02

2 P

Gy 2 k. o1 = 1> clg,=0.025, V21 (¢t 00)” + (ch10) y/sin® ky + sin? &,

Ciyo = 0.025

2 2

D Z k, o1 =1>cfyy=0.04, \/ (ct0) sin* ke + (cy o) sin’k,

1o =0.03
G L1z k. Cho1 €001 = 1/V2> ¢l o0 = |5 0.0 Sinky + ¢ o sinky |

0.02, ¢, o = 0.03
Gy, § k, oo=1>c,,=005 |cb 1.0 inky|
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with the spinors

i ¥ ¥ ¥ r
Wi, = (o) ts COKp.Ls C0.—ky )1 0=k )7+ CZ=1k) 1> CZ=1K). Lo €zt k)40 C(Zfl,fku),l) (C4)
with 4Z components. The BdG Hamiltonian H (k) in Eq. (C3) is given by the block-band matrix
(0) (1)
dk" T dkH 0 . 0
(1) (0) (1)
(dku ) dku : dku )
Hkp=| 0 (&) 4 - 0 (C5)
. . )
o ant d]&”»
0 0 (dku ) dku
with the 4 x 4 blocks
— i — 2ty (cos ke + cosky) 0 0 A’
40 _ 0 —p — 2ty (cos ky + cos ky) —AS 0
K 0 —AS  + 2t (cos k, + cos k) 0
A 0 0 W =+ 2ty (cos k; + cos k)
(C6)
and
—t, —ir/2 0 0 —iA' )2
1 _ 0 —t, —ir/2 —iAt/Z 0
dy, = 0 SiN2 -2 0 €7)
—iA' /2 0 0 t,+ir/2

The matrix in Eq. (C5) has to be diagonalized in order to obtain the eigenvalues and eigenstates of the slab. In our case, we only
need the eigenvalues of lowest magnitude and the corresponding eigenstates. We have performed the diagonalization with the
SciPy function scipy.sparse.linalg.eigsh, which uses the implicitly restarted Lanczos method. However, since the matrix

size is only 4Z x 4Z for slab width Z (we take Z = 500) other methods should also work.
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