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ABSTRACT: Topological superconductivity (TSC) has drawn
much attention for its fundamental interest and application in
quantum computation. An outstanding challenge is the lack of
intrinsic TSC materials with a p-wave pairing gap, which has led to
the development of an effective p-wave theory of coupling s-wave
gap with Rashba spin—orbit coupling (RSOC). However, the
RSOC-strict mechanism and materials pose still both fundamental
and practical limitations. Here, we generalize this theory to
antisymmetric SOC (ASOC). Using k-p perturbation theory, we
demonstrate that 2D crystals, with point groups of C,, C,, Cq, C,,,
Cyy Ce» D,y Dy, Dg, S, or D,y can all facilitate the desired ASOC.
Remarkably, this enables us to discover 314 TSC candidates by

2D TSC candidates
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screening 2D material databases, which are further confirmed by first-principles calculations of Majorana boundary modes and the
topological invariant of the superconducting gap. Our work fundamentally enriches TSC theory and greatly expands the classes of

TSC materials for experimental exploration.

KEYWORDS: Topological superconductivity, Point group symmetry, Antisymmetric spin—orbit coupling, Screening 2D materials

T opological superconductivity (TSC) is characterized by
gapless Majorana boundary modes (MBMs) within the
pairing gap of bulk states.'”> The nonabelian statistics of
Majorana Fermions hosted by chiral MBMs*~® make the TSC
promising candidates for fault-tolerant quantum computa-
tion.”® A chiral TSC phase features an odd-parity pairing state
on Fermi surface (FS) contours that enclose time-reversal-
invariant momenta (TRIM). As the simplest odd-parity
pairing, spin-triplet p-wave (})airing naturally endows an
intrinsic chiral TSC phase,”'’ but it suffers from a severe
limitation of material availability. This has motivated the
proposal of extrinsic chiral TSC phase with an effective p-wave
paring by conspiring the effects of s-wave superconductivity,
Rashba spin—orbit coupling (RSOC), and Zeeman field,"' ~*
which has been successfully realized in a few materials.' =" ~"*
However, the condition of RSOC appears to be strict, which
poses still a fundamental limitation on the physical mechanism
of TSC as well as a practical limitation on the availability of
RSOC materials. Here, we generalize this effective TSC theory
to generic forms of antisymmetric SOC (ASOC), which greatly
enriches the theory and enables us to identify over 300
candidate two-dimensional (2D) TSC materials.

The RSOC splits the bands into two spin branches in
momentum space except at the TRIM protected by time-
reversal-symmetry (TRS),'””" which creates two FS contours
of opposite helical in-plane spin textures for each band. When
an s-wave pairing condenses around the energy of Kramers pair
(KP) at TRIM, an effective p-wave pairing gap would open on
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both FS contours but with opposite chirality. By applying a
Zeeman field to lift the spin degeneracy of KP, one can
preserve the effective p-wave gap of one chirality for a given
chemical potential,'"*"** thus enabling an extrinsic chiral TSC
phase. One notices that the key to this TSC mechanism is to
generate effective odd-parity pairing states in odd number of
FS contours enclosing the TRIM, which is naturally satisfied
for the RSOC bands under a Zeeman field. Importantly, we
have realized that the helical spin texture on FS is only a
sufficient but not mandatory condition because the s-wave
pairing gap can still open on the FS as long as the electron
spins are subjected to TRS, i.e., opposite spin orientations for
electrons at k and —k, respectively. This significantly relaxed
condition can be generally satisfied with any form of ASOC.
In general, ASOC originates from inversion-asymmetry-
induced electric field gradient, so that electrons experience a
momentum-dependent effective magnetic field without break-
ing TRS. The field lifts the band degeneracy and induces
diverse patterns of spin texture around the KP at TRIM. Spin
texture has been a focused research topic in the field of
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spintronics; in particular, a persistent spin texture is useful in
the application of nonvolatile spintronic devices due to its
extraordinarily long spin lifetime.”>”>” Meanwhile, the
concepts of Kramers—Weyl semimetal”® and Kramers nodal-
line metal” were proposed by analyzing the KP and its
associated spin texture, pointing to the diverse effects of
ASOC. Interestingly, we reveal another fascinating effect of
ASOC for generating TSC.

There are three basic forms of ASOC. One is the
aforementioned RSOC, whose helical in-plane spin texture
(see Figure 1a) results from an effective magnetic field in the
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Figure 1. Schematic spin texture of four basic forms of ASOC on the

FS contour around a KP (white dot). (a) RSOC, (b) DSOC, (c)
D'SOC, and (d) WSOC.

form of Ax(k,6, — k0,). RSOC originates from planar
inversion (mirror) asymmetry, which can arise naturally at
surface or interface,”® in 2D materials*""** and thin films on a
substrate.”** Another well-known ASOC is the Dresselhaus
SOC enabled by bulk inversion asymmetry,”> which usually
exists in bulk materials but can emerge also at 2D limit, such as
quantum wells.”®> The effective field takes the form of Ap(k,0,
- k,6,) or Ap(k,0, + k,0,), which we abbreviate respectively as
DSOC and D’SOC for the associated Dresselhaus SOC. Their
spin orientations are relatively rotated by 90° at every k-point
in Figure 1 part b versus part c. Moreover, the KP of Weyl
Fermions has been revealed in 2D chiral crystals.***” The
underlying Weyl SOC (WSOC) has an effective field form of
Aw(k,0, + k,,), which induces a radial spin texture (see Figure
1d). The spin texture patterns can be further enriched by a
linear combination of the effective fields of RSOC, DSOC,
D’'SOC, and WSOC. For example, quantum wells are ideal
platforms to combine RSOC with D’SOC or DSOC,***
where the relative contribution of each® and the sign of
i /R41’42 can vary with electric field. The combination between
RSOC and WSOC can be made in ferroelectric hetero-
structure.”” This points to the possibility of inducing TSC
phase in real materials with a generic form of ASOC, featured
with arbitrary TRS-protected in-plane spin texture, which is
highly intriguing and attractive.

In this Letter, we have carried out theoretical analysis and
numerical calculations to demonstrate that a chiral TSC phase
can be generally induced from any form of ASOC, whose
effective magnetic field maintains an in-plane antiparallel spin
orientation at k and —k on the FS contour enclosing a KP. The
in-plane spin texture is protected by TRS, providing the
precondition for maintaining an s-wave pairing A under an
out-of-plane Zeeman field (Z). The transition point for the
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TSC phase is same as that of RSOC,"' ™' i.e. J A + p* = Z
(u is chemical potential in reference to the energy of KP). We
employ the k-p perturbation theory to analyze the symmetry-
allowed effective fields of ASOC, which shows that the desired
in-plane spin textures can be found in the 2D non-
centrosymmetric crystals with the point group (PG) of C,,
C, Cq Cyyy Cyy Cepy Dy, Dy, D, Sy and D, Remarkably, this
enables us to discover 314 TSC candidates by screening the
material databases of the 2D Materials Encyclopedia
(2DMP)** and the Computational 2D Materials Database
(C2DB).*

B A GENERALIZED CHIRAL TSC MODEL

We recall the nonabelian topological order in the s-wave
superfluid reported by Sato et al,'"' who showed that the
Bogoliubov—de Gennes (BdG) Hamiltonian Hgy5(k) with an
s-wave pairing iAo, is equivalent to a ‘dual’ Hamiltonian
HP(k) with a pairing of —ig(k)-mfy by a unitary trans-
formation. Here the g(k)-6 is actually the RSOC term in
Hpac(k) with g(k) = (=k,, k,) and 6 = (6, 0,). By comparing
with the p-wave pairing of id (k)-GGy with d(k) = —d(—k),’
one immediately realizes that the pairing in HP(k) can be
effectively viewed as the p-wave pairing if —g(k), which satisfies
g(k) = —g(—k), is regarded as d(k). Notably, the chirality of
the effective p-wave pairing is opposite for the RSOC induced
two FS contours due to the opposite helical spin texture, which
will cancel each other out. The emergence of the TSC phase
needs one of them to be removed by tuning the chemical
potential and opening a Zeeman gap in the KP.'"*"**

Importantly, one can generalize the above arguments from
RSOC to DSOC, D’'SOC, and WSOC, because their effective
fields are unitary equivalent with each other:

_ i 0
Upw(k,a; + k}'o}) = (kxgy - kny)URWJ with Ugy, = (0 1)
(1)

k, + ik,
k, — ik,

,0,) Uyp, with Uyp, =

0 1

k, + ik,
k, — ik,

Urpko, + k) = (k,0, = k,0)Uypy, with Upp =

0 1
3)

The d(k) vector of effective odd-parity pairing induced by
DSOC, D'SOC, and WSOC is respectively (k,, —k,), (k, k,),
and (k,, ky), which are all antisymmetric and satisfy d(k) =
—d(—k).

Furthermore, a linear combination of RSOC, DSOC,
D’'SOC, and WSOC will lead to a mixed SOC having the
antisymmetric d(k) vector of (¥ oo ke Xpmsy15ks). Despite
an overall “arbitrary” in-plane spin texture, antiparallel spin
orientation for the electrons at k and —k is still preserved by
the mixed SOC, which ensures the precondition for
maintaining an s-wave pairing gap. Accordingly, the s-wave
pairing can be effectively regarded as an odd-parity pairing
because d(k) is of an odd power of momentum for any mixed
SOC, albeit not in the standard p-waveform.
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We have confirmed numerically the above analysis by
constructing a tight-binding (TB) model in Section I of
Supporting Information. Our calculations show that the TSC

phase indeed emerges under the condition \A® + u* < IZI
for the KP surrounded with arbitrary in-plane spin texture of
any ASOC. This condition is the same as that of RSOC, since
the TSC phase transition is only relevant to gap closing and
reopening at TRIM, where the effective field vanishes,
irrelevant to a specific form of ASOC.

We emphasize that this generalized mechanism of TSC is
always valid around an isolated KP, which may exist in the
candidate materials of single or multiple bands. In the latter
case, the TSC phase can emerge by opening a pairing gap on
an odd number of FS contours under proper chemical
potential and Zeeman field. Two FSs manifesting an effective
odd-parity pairing with opposite chirality will pairwise cancel
out each other, so that one last FS contour will be left to enable
the TSC phase. Consequently, one needs only to find an
isolated KP surrounded with in-plane spin texture during
screening TSC candidates, without distinguishing if it is a
single-band or multiband system. Notably, this mechanism
does not apply to nonisolated KPs connected by doubly
degenerated nodal line under certain conditions, e.g. Ap = Ay,
Ap = Awy Ap = Ay, and Aps = Ag. This is because an s-wave gap
cannot be opened on the nodal line when its degeneracy is
lifted by the Zeeman field, as the electrons have the same spin
orientation in the spin-polarized band at k and —k, violating
TRS.

B CHIRAL TSC CANDIDATE MATERIALS

Guided by our newly developed generalized theory of chiral
TSC, we have carried out an extensive search of TSC candidate
materials. We first perform a kp analysis to derive the form of
symmetry-allowed SOC Hamiltonian*®*” based on the
character table of PG.*® For a 2D crystal in the x—y plane,
0, must be zero to maintain an in-plane spin texture. Since k, is
not a good quantum number, this requirement is met when o,
and k,, are not sorted out simultaneously from the irreducible
representation. Among the 21 noncentrosymmetric PGs, we
found 11 to meet this requirement at the limit of 2D crystals
with C, rotational axis normal to the x—y plane, which are
summarized in Table 1. The derived k-p Hamiltonian clearly
indicates that a wide variety of ASOC, including RSOC,
DSOC, WSOC, Rashba—Weyl SOC (RWSOC), Dresselhaus—
Weyl SOC (DWSOC), Rashba—Dresselhaus SOC (RD’SOC),
Dresselhaus—Dresselhaus SOC (DD’SOC), and Rashba—
Dresselhaus—Dresselhaus—Weyl SOC (RDD’WSOC), can be

Table 1. 11 PGs and Associated k*p Hamiltonian That
Enable the ASOC with In-Plane Spin Texture

PG k-p Hamiltonian ASOC type

G, ko, — k,o,) + Ap(ko, RDD'WSOC
+ D(k ka) L (ko +ﬁ

CyCs  Mko, = ko) + dy(ko, + ay) RWSOC
G, (ko — kyax) + dp(ko, + ko) RD’SOC
Cin Cs»  Ir(kio, — kyo) RSOC
D, Ip(ko, = ko,) + dw(ko, + k,0,) DWSOC
D, Ds  Awlko, + ko)) WSOC
S, Ap(ko, = ko) + Ap (k.o + kyo,) DD’'SOC
D,y Ap(ko, = ko,) DSOC
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realized by C,, or Cq,, D,y D, or D¢, C, or Cy, C,,, D,, Sy, and
C, PG symmetry, respectively.

One can describe the spin texture around the KP by
selecting the k*p Hamiltonian with the PG being identical with
the little group of corresponding TRIM. Referring to the Web
site of Bilbao Crystallographic Server,” we summarize the little
group of TRIM (see Section II of the Supporting Information)
for 92 noncentrosymmetric space groups (SGs) that belong to
the 11 PGs. There are 14 different little groups for the TRIM
in the 2D Brillouin zone within the k,—k, plane, including the
11 PGs listed in Table 1 and additional C;, C,, and D5 PGs.
The linear term of k in the k-p Hamiltonian for the C;, C;,, and
D; symmetry possesses RWSOC, RSOC, and WSOC form,
respectively.

Next, candidate materials are searched from the material
databases of 2DMP** and C2DB.* From 6351 2D materials in
2DMP and 1616 ones in C2DB, we screened out 1069 with
the SGs that belong to the desired 11 PGs, and 857 of them
are protected by TRS. Then, by selecting the materials with an
out-of-plane C, axes as for 2D symmetry groups, we finally
identify 314 2D TSC candidates (see Figure 2a). Among them,

7th2nd3rg
4th
40%
2D materials in
2DMP+C2DB
2D materials with 5th period
the listed 11 PGs
2D materials with
TRS g Metal
l m SsI
27
- - - é
PG C2 D2 Cx» C4 Sa4 D4 Cav Dzd C6v

Figure 2. Ilustration of screening candidate 2D TSC materials. (a)
Procedure of screening the databases of 2DMP and C2DB. (b)
Percentage of TSC materials whose heaviest element belongs to the
2nd-, 3rd-, 4th-, Sth-, 6th-, and 7th-period, respectively. (c)
Distribution of TSC candidate materials among different PGs.

73% contains fifth- and sixth-period elements (see Figure 2b),
and their strong SOC strength are beneficial to enable robust
TSC against the Zeeman field. They are distributed among 9
PGs (see Figure 2c); nearly half of them belong to D,,; PG, and
none belong to C¢ or Dg PG. We then calculated the electronic
band structure and spin texture of 314 candidates using first-
principles method (see Section III of the Supporting
Information). The list of screened candidates and the
calculated results are summarized in Section IV of the
Supporting Information. 132 materials are identified as metals
and others are semimetal, semiconductor, or insulator (SSI),
whose distributions are shown in Figure 2c. Notably, we found
that the isolated KP emerges near the Fermi level for most of
metallic candidates, suitable for realizing TSC phase without
doping. For the SSI candidates, doping is needed to move the
Fermi level to the energy of KP at TRIM.

Among all the TSC candidates with D,; PG symmetry (see
Figure 2c), more than 84% have the SG of P4m2. Without
losing generality, below we take TaSe, with this SG as a
representative for discussion. TaSe, is constructed from the
corner-sharing tetrahedral Se motifs with a Ta at the center
(see Figure 3a), forming a 2D tetragonal lattice. As expected
for symmorphic SGs, band degeneracies are removed by an
ASOC at all the k points except the TRIM, ensuring isolated
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Figure 3. Solutions of first-principles BAG Hamiltonian demonstrate
the defining TSC features of TaSe,. (a) Side and top view of atomic
structure. (b) Electron band structure. (c) Spin texture of the lowest
band crossing the Fermi level. (d) Dispersion relation of super-
conducing quasi-particles. (e) Energy spectrum of quasi-particles in a
1D TaSe, nanoribbon. The chiral MEMs located at the right (left)
edge are marked by the red (blue) color. (f) Distribution of Berry

curvature of the pairing gap.

KPs (see Figure 3b). The system is metallic with KP located
right at the Fermi level, ideal for realizing TSC as discussed
above. The spin texture of the lowest band crossing the Fermi
level exhibits a DSOC-type around I' and S point (see Figure
3c), which is consistent with their little group of D,,. For X and
Y point, the little group of C,, induces a RD’SOC-type spin
texture. Similar analyses can be made for other candidates,
based on Table 1 and information in Sections II and IV of the
Supporting Information.

We then construct a specific BAG Hamiltonian hbge (k) (see
Section III of the Supporting Information) for TaSe, to
demonstrate the expected TSC phase. Diagonalizing o (k)
gives the spectrum of quasi-particles (see Figure 3d), which
clearly show a fully opened pairing gap at zero energy. The
nontrivial gap topology was then identified by calculating the
quasi-particle spectrum of one-dimensional (1D) nanoribbon
(see Figure 3e). Two gapless MBMs emerge at the gap,
residing on the two edges. The nontrivial topology is further
confirmed by calculating Berry curvature of quasi-particle
states below the gap (see Figure 3f). The Berry curvature with
dominant positive values is mainly distributed near I', which
leads to a Chern number of 1 upon integration, consistent with
the MBM calculations.

The generality of our proposed theory can be further
illustrated by considering a complex case of ASOC, such as
antisymmetric RDD'WSOC. The RDD'WSOC is featured
with an arbitrary in-plane spin texture resulting from a
combination of RSOC, DSOC, D'SOC, and WSOC, which
is found to evoke also a chiral TSC phase (see Section III of
the Supporting Infomation). For all other candidates with
diverse forms of ASOC, their TSC phase is also characterized
with a nonzero Chern number of the pairing gap once the
Fermi level is moved into the Zeeman gap and the condition of

VA + p* < 1Zlis satisfied.

Bl DISCUSSION

We emphasize that the discovered TSC candidates span a wide
range of crystal structures, band structures, and spin textures.
First, they can have square, rectangle, and hexagonal lattices,
including nearly 90 different atomic structures, each shared by
abundant materials with similar chemical compositions, e.g.,
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more than 80 candidates sharing the same structure with
TaSe,. Second, they can be metal, insulator, semiconductor, or
semimetal. The metallic candidates with the KPs near the
Fermi level provide opportunities for realizing intrinsic TSC
without the need of doping and/or proximity effect of
superconductor. Third, they exhibit diverse antisymmetric in-
plane spin textures with varying compositions of RSOC,
DSOC, D’SOC, and WSOC, of different SOC strength of g,
Apy A, and Ay, respectively.

The physical mechanism of ASOC to trigger 2D TSC is
general for the isolated KPs surrounded by in-plane spin
texture, which can be realized at any TRIM for 2D materials
with symmorphic SGs and with out-of-plane rotational axis.
For nonsymmorphic SGs, the KPs may be connected by
doubly degenerated nodal lines at edge or boundary of
Brillouin zone. In this case, the remaining isolated KPs can still
be exploited for realizing TSC, if they are located at different
energies away from that of nodal lines. Additionally, the nodal
lines may give rise to other novel superconducting state, such
as the Fulde—Ferrell-Larkin—Ovchinnikov pairing state with
high critical magnetic field.*>*"

We would like to mention that the TSC phase may still be
induced by ASOC with spin textures having small finite out-of-
plane components. This can be inferred from the recent report
of TSC phase of GeTe’" and BiSb** monolayer with C;, PG
symmetry. The C;, PG is known to give 6, a coefficient in
third-power of momentum,*>*” which introduces an out-of-
plane component in the spin texture. Despite this, the odd
parity of ASOC may still evoke TSC ordering, and the
nontrivial gap is not fully but “continually” opened if the
pairing/Zeeman gap is small/large. Such a TSC phase can exist
in other 2D materials with C;,, C;, or Dy PG symmetry.

In a broad sense, because the odd parity of ASOC will be
always maintained, a Zeeman field that breaks isolated KPs
without closing pairing gap is able to evoke the TSC phase. For
the in-plane spin texture discussed in this work, an out-of-plane
field direction is favored for maintaining the pairing gap. When
spins are orientated in out-of-plane direction by the so-called
Ising SOC, an in-plane field should be applied to ensure
minimum destruction of the pairing gap. This scenario of
evoking TSC phases was theoretically proposed in the heavily
gated MoS,.””>* Given that the out-of-plane spin orientation
exists in the materials with the symmetry of the listed 11 PGs
(Table 1) but without the out-of-plane C, axis, there could be
more than 500 candidates (see Figure 2a) with Ising TSC in
the two considered material databases.

During the preparation of this paper, we became aware of a
high-throughput investigation on topological and nodal
superconductors,”* based on symmetry indicators for super-
conductors.” ™’ Tt is interesting to note that the 2D TSC
candidates we have identified here have no overlap with their
database.

B ASSOCIATED CONTENT
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