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The theory of symmetry indicators has enabled database searches for topological materials in normal
conducting phases, which has led to several encyclopedic topological material databases. To date, such a
database for topological superconductors is yet to be achieved because of the lack of information about
pairing symmetries of realistic materials. In this Letter, sidestepping this issue, we tackle an alternative
problem: the predictions of topological and nodal superconductivity in materials for each single-valued
representation of point groups. Based on recently developed symmetry indicators for superconductors, we
provide comprehensive mappings from pairing symmetries to the topological or nodal superconducting
nature for nonmagnetic materials listed in the Inorganic Crystal Structure Database. We quantitatively show
that around 90% of computed materials are topological or nodal superconductors when a pairing that
belongs to a one-dimensional nontrivial representation of point groups is assumed. When materials are
representation-enforced nodal superconductors, positions and shapes of the nodes are also identified. When
combined with experiments, our results will help us understand the pairing mechanism and facilitate
realizations of the long-sought Majorana fermions promising for topological quantum computations.
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Ever since heavy-fermion superconductors were discov-
ered, intensive research on unconventional superconductors
has been conducted, revealing several candidate materials
[1-5]. While the nature of superconducting pairing of
materials realized in actual experiments is often contro-
versial, bulk nodes and surface states in the Bogoliubov
quasiparticle spectrum are some of the few important
experimental signatures of pairing symmetries of Cooper
pairs. For example, a power-law behavior of the specific
heat at low temperatures indicates the existence of nodes in
the Bogoliubov quasiparticle spectrum. The appearance of
gapless surface states implies that the superconductor is
topological. In particular, Majorana surface states could be
leveraged for topological quantum computations [6-8].
Therefore, exploring nodal superconductors (NSCs) and
topological superconductors (TSCs) is one of the necessary
steps to elucidate the mechanism of unconventional super-
conductivity and to establish devices utilizing the novel
property of TSCs.

The past two decades have witnessed rapid develop-
ments in the theoretical understanding of topological
phases of matter [9,10]. The combinations of crystalline
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and internal symmetries give rise to a large variety of
gapped and gapless topological phases, such as higher-
order topological insulators [11-14], Weyl or Dirac semi-
metals [15-18], and nodal-line semimetals [19-21]. The
recently established method of symmetry indicators (SIs)
[22] and topological quantum chemistry [23] enables
efficient diagnosis of topological phases by examining
irreducible representations (irreps) of space groups. These
theories underlie recent large-scale topological material
discoveries based on first-principles calculations [24-27],
which have indeed assisted experimentalists in finding new
topological materials [28]. Very recently, the method of SIs
has been extended to superconductors [29-35].

The fundamental distinction between the normal con-
ducting phases and superconducting phases originates from
the particle-hole symmetry (PHS), which naturally arises in
the mean-field Bogoliubov-de Gennes Hamiltonian for
superconductors. The PHS gives rise to exotic phases,
such as Bogoliubov Fermi surfaces [36] and Majorana
corner modes [13,37,38], with no counterparts in normal
conducting phases. Unfortunately, the number of exper-
imentally confirmed materials of NSCs and TSCs is much
less than that of topological insulators and semimetals.
Recalling the success of Refs. [24-27], it is tempting to
think that constructing such a database for superconductors
would be a catalyst for discovering new candidates of
topological superconductors. However, this task is quite
challenging because pairing symmetries for the majority of
materials are not known.
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In this Letter, we sidestep this difficulty and take an
alternative approach: We apply the newly developed SIs for
superconductors to materials listed in a database, assuming
that the materials become superconductors at low temper-
atures, and establish a comprehensive database summariz-
ing the topological and nodal nature of materials in
superconducting phases. We should emphasize that it is
not our ambition to predict topological and nodal super-
conductivity for an accurate superconducting pairing. Even
when the actual pairing symmetry, of which identification
usually requires cautious studies, is not known, computing
SIs for each possible pairing symmetry is still helpful in
elucidating the pairing mechanism of unconventional
superconductivity. These results could be compared with
experimental results and reduce the candidates of pairing
symmetries. We summarize our result of the diagnosis of
the topological and nodal nature for all nonmagnetic
materials in superconducting phases in Database of
Topological and Nodal Superconductors [39]. We also
provide a subroutine Topological Supercon [40], which
allows users to examine the topological nature in the
superconducting phase of any material themselves by
uploading the result of first-principles calculations as an
input. This program aims to quickly diagnose possible
TSCs and NSCs in various conditions that are not covered
in our database, for example, the cases where the spin-orbit
coupling is completely absent.

Diagnostic scheme.—Here we give a brief summary of
our diagnostic scheme illustrated in Fig. 1 [see
Supplemental Material (SM) for more details]. In general,
the full diagnosis of the topological properties of a material
requires (i) the complete information on its wave function
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FIG. 1. Flow chart of our diagnostic scheme. For a given
material, we identify the space group and irreducible representa-
tions of the normal phase. Assuming a pairing symmetry, we
determine whether band labels are defined from the space group.
If not, our approach is silent. Otherwise, we obtain compatibility
relations and band labels of atomic limits. Using them, we
diagnose the topological and nodal superconducting nature of the
material.

over the entire Brillouin zone and (ii) the complete list of
topological indices to be computed. However, these are
often inaccessible for realistic materials, especially for
superconductors. Space group representations of the wave
function at high-symmetry momenta enable us to effi-
ciently diagnose the topological and nodal nature of the
system [22,32,33]. Based on this idea, we focus only on
zero-dimensional topological invariants of systems, which
we call band labels (BLs) in this Letter. BLs are defined for
each irrep at each high-symmetry momentum and they
altogether form a list ngc.

To realize a gapped Bogoliubov quasiparticle spectrum,
BLs in ngc are not fully independent and are subject to
symmetry constraints called compatibility relations (CRs). If
some CRs are violated, the superconductor is a representa-
tion-enforced NSC. By inspecting the violations of CRs, we
can determine the positions and shapes of nodes such as point,
line, and surface [34]. When all CRs are satisfied, the
superconductor may be fully gapped or may still exhibit
nodes of a topological origin. In this case, we compare the set
of BLs ngc with those of atomic limit superconductors that are
constructed from localized orbitals at Wyckoft positions and
thus are topologically trivial. Since BLs are topological
invariants, a superconductor whose ngc is different from
any atomic limit must be topologically nontrivial, i.e., the
superconductor is a TSC or a topological NSC.

For realistic materials, once we assume a pairing
symmetry, we can determine ngc from the first-principles
calculations based on the weak pairing assumption: the
energy scale of the Cooper pair potential is much smaller
than that of normal conducting phases [41]. In such a case,
BLs for the superconducting phase can be deduced from
the numbers of occupied bands characterized by irreps in
the normal conducting phase. Using the obtained BLs, we
analyze the topological and nodal nature as explained in the
preceding discussions. After performing the analyses, each
material for each pairing falls into one of the following
cases: case I, representation-enforced NSC; case II, sym-
metry-diagnosable TSC or topological NSC; case III,
topologically trivial or not symmetry-diagnosable TSC;
case IV, the case where no BLs can be defined at any
high-symmetry momenta. In particular, as far as the time-
reversal symmetry (TRS) is assumed in the normal con-
ducting phase, case IV occurs if and only if the trivial
pairing symmetry is assumed.

To precisely formulate the pairing symmetry of the
superconducting order parameter, suppose that u(g) is
the unitary representation of a space group symmetry
g in the normal phase. We introduce m independent
basis matrices A;(k) that transform under g as
g (9)A;(k)uly (9) =371 Aj(gk)[D(g)];; and expand A(k)
as »_ ", m;A;(k). Here D(g) is an m-dimensional single-
valued representation of the point group. We say the pairing
is nontrivial when D(g) is a nontrivial irrep. When D(g) is
multidimensional, the space group of the superconducting
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phase is lowered to its subgroup for which (7,75, ...,7,,)
is a simultaneous eigenvector of D(g). We assume that the
lowered group is a maximal subgroup of the original space
group, as in most cases of materials. The irreps of occupied
bands in the lowered symmetry setting can be deduced
from the irreps of the original group [42].

It should be emphasized that we do not need to know
which orbitals form the pair in this framework. In particu-
lar, our symmetry-based analysis cares only about the
symmetry property of the pairing and does not distinguish
between multiorbital pairings and single-orbital pairings.
This makes the analysis more accessible and systematic.

Material investigation.—We conduct calculations for 27
208 out of more than 180 000 materials listed in Inorganic
Crystal Structure Database (ICSD) [52], excluding non-
stoichiometric materials and those containing typical mag-
netic ions (see SM). We find 10 822 of them have some sort
of Fermi surfaces, and in this section we focus on them. For
each nontrivial pairing symmetry, we determine the topo-
logical property of the superconductor.

We find that the majority of the results fall into case I or
II. For example, when restricting to nontrivial one-dimen-
sional irreps, 88.9% of computed materials always fall into
case I or II, regardless of the choices of nontrivial one-
dimensional irreps. This is consistent with the empirical
rule that a superconductor is likely to be nontrivial when a
nontrivial pairing is assumed. Complete lists of computed
materials and the percentage for each space group are
included in SM-IIL. It is worth noting that 22 space groups
have high percentages, which might guide the search for
TSCs or NSCs. For example, once nontrivial pairings are
formed, 100% of computed materials in space group
No. 191 are TSCs or NSCs. Therefore, one can expect
better chances of discovering new TSCs and NSCs by
exploring the materials in these space groups.

We should point out that our database contains many
materials whose superconductivity has not been confirmed
yet. However, most of them could be superconductors at
extremely low temperatures. Indeed, superconductivity in
YbRh,Si, has recently been observed at around 8 mK [53].

We also note that our analysis is sensitive to the Fermi
level determined by the first-principles calculation since
BLs are obtained from the counts of irreps of occupied
bands below the Fermi energy. Furthermore, even when the
undoped material does not exhibit superconductivity as is
the case in large-gap insulators, the doped one sometimes
does. For these reasons, we also perform calculations for
several different Fermi levels for each of the 27208
materials [42]. When there exists a pointlike Fermi surface
at a high-symmetry momentum in the normal phase, the
notion of (un)occupied bands breaks down. In such a case,
we slightly shift the Fermi energy to make a small Fermi
pocket before performing our analysis.

Material examples in the database.—Here, we pick two
materials BaPtP and BaPtSb from our database as

examples. Superconductivity was recently observed in
these compounds [54,55]. Interestingly, their constituent
elements belong to the same families as those in similar
compounds CaPtAs and SrPtAs, which are candidates of
unconventional superconductors [5,56]. The space groups
of these materials, P2,3 (No. 198) for BaPtP and P6m2
(No. 187) for BaPtSb, lack inversion symmetry [52]. In
fact, one of the advantages of our method is that it does not
require inversion symmetry. The electronic band structures
obtained by first-principles calculations are shown in
Figs. 2(a) and 2(b). The results of our symmetry-based
analysis are tabulated in Table I.

Let us start with BaPtP, which is predicted to host
unconventional excitations with four- and sixfold degen-
eracies [24,58]. The point group T has three 1D single-
valued representations: A, 'E, and ’E. The latter two break
TRS. We find that a superconductor with 'E or ’E pairing is
a representation-enforced NSC, in which CRs along the
I'-R line are violated. The resulting nodes along this line
turn out to be part of a surface node.

On the other hand, the point group has a three-dimen-
sional irrep 7, which can be decomposed into B, & B, &
B; of point group D, or A @' E @? E of point group Cs;.
Here we assume that D(g) is either one of By, B,, or B of
D, . Then the resulting space group is P2;2,2; (No. 19). We
obtain irreps of occupied bands in P2,2,2; from those in

(b) BaPtSb
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FIG. 2. Structures and band structures of material examples.
(a)—(d) Band structures of BaPtP (a); BaPtSb (b); CsV;Sbs in Star
of David (c) and trihexagonal (d) structures. Star of David (e) and
trihexagonal (f) crystal structures of CsV3Sbs introduced in
Ref. [57].
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TABLE I. Results of symmetry-based diagnosis for BaPtP,
BaPtSb, and CsV;Sbs. The first column represents material
names. The second one is the point group of the superconducting
phase, and symbols in the third column mean assumed irreducible
representations of the pairing. Definitions of these representations
are included in the Supplemental Material. The fourth column
indicates case I-IV for each pairing. Symbols [S], [L], and [P] for
case I specify the shape of the nodes, surface, line, and point,
respectively. The last column represents the paths where CRs are
broken for case I and the entry of symmetry indicators for case II.
For case II of BaPtSb and CsV;Sbs, the entries are in (Z,)* x
(Z)? and (Z,)* x Z, X Z»,, respectively.

Irrep Nodes and
Material PG D(g) Case topology
2E 18] I'-R
T E I1[S] I'-R
BaPtP (ICSD: A IV s
059191) By 1I[L] r-z
p, B. 1L r-y
By I[L] r-x
A T[L] K-H
!
BaPtSb (ICSD: A, TIL] I-K, M-K, K-H
059186) Dy Ay 1 (0,1,0,0,5.5)
All 1\
B,, 1[P] r-A
B, I1I[L] r-A
B,, 1[P] r-A
CsV;Sbs By 1L I-A
Star of David Den Ay, T[P] I-A
Ay, T[L] r-A
A, I (0,0,0,1,8.8)
A, IV
By, 1[P] A-L
B, 1[L] T-K, M-K,A-L, L-H,T-A
B, 1[P] I-K, M-K, L-H
CsV;Sbs b, By TILI T-K, M-K, A-L, L-H,T-A
Trihexagonal 6 A,, 1[P] r-A
Ay, T[L) K, M-K, A-L, L-H,T-A
A, I (0,0,1,0,9,11)
Ay, v

P2,3 and perform the same analyses. The superconducting
phase is predicted to have nodal lines.

Next, we discuss BaPtSb. The point group is Dg
containing four 1D single-valued representations:
AY, A, A and A], all of which preserve TRS. There are
also two-dimensional irreps but here we focus on 1D irreps.
We find that a superconductor with A% or A} pairing is a
representation-enforced NSC. CRs along various lines are
violated, as shown in Table I. Since all of the lines are in
I'-A-H-K or M-L-H-K planes, the violations result in line
nodes in these planes [34]. In contrast, all CRs are satisfied
for the A pairing. Thus we diagnose the topology by SIs.
We find that the material belongs to the entry

(0,1,0,0,5,5) € (Z,)* x (Zg)* of Sls, which indicates
that the mirror Chern number on the k, = 7 equals 1
mod 3 while that on the k, = 0 plane is 0 mod 3.

Finally, let us explain how to utilize our database for
studies of unconventional superconductivity in realistic
materials. There is a fundamental distinction between our
database and those for normal states [24—27]. The SI method
for superconductors [33,34] requires the pairing symmetry
of the material as input. However, it is quite challenging to
determine pairing symmetry. It requires careful experimental
studies and the result is sometimes controversial.

Furthermore, the trivial pairing symmetry (the A repre-
sentation for BaPtP and the A representation for BaPtSb in
the above examples) in the presence of TRS always falls
into case IV, in which our symmetry-based analysis has no
predicting power. Thus, one cannot exclusively conclude
that the superconducting phase of a given material is
topological or nodal just by referring to our database.
Although our database seems to be useless at first glance,
we argue that this is not the case. While our method cannot
determine pairing symmetries themselves, the comprehen-
sive correspondences between pairing symmetries and the
topological and nodal superconducting nature for materials
in ICSD enable us to go back and forth between experi-
ments and our database. For example, if one obtains an
experimental result such as the specific heat and the
magnetic penetration depth of the material, then one should
refer to the database and compare the results with the nodal
and topological nature listed in the database. This way one
can reduce the possible pairing symmetries of the material
consistent with the experiment.

Example of subroutine.—While we perform comprehen-
sive computations for materials listed in ICSD, one may
often encounter a situation where one wants to vary the
composition of materials, to apply strains and pressures, or
even to study materials not listed on the database. To this
end, we develop a subroutine that enables users to run an
automated calculation of our diagnostic scheme by upload-
ing a result of first-principles calculations in a particular
format as the input. Our subroutine is designed to be
complementary to the database we developed, and can
handle various situations not considered there. For exam-
ple, one can choose different Altland-Zirnbauer classes [59]
that may lack the TRS. One can also examine multidi-
mensional representations which break the space group
further than maximal subgroups by preparing the input for
the lowered symmetry setting.

To demonstrate the usage of the subroutine, here we
discuss a new kagome metal CsV;Sbs, which has been
recently synthesized [60,61] and attracted much attention
because of its various orders such as superconductivity and
charge-density wave. As examples, we consider two dis-
torted crystal structures due to a charge-density wave order,
“Star of David” [57,62] and “trihexagonal” [57] illustrated
in Figs. 2(g) and 2(h), both of which crystallize into space
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group P6/mmm (No. 191), and assume that no further
symmetry breaking occurs.

The outputs of our subroutine for these structures are
summarized in Table I for one-dimensional D(g). The
predicted results are mostly representation-enforced NSCs
unless the paring symmetry is A;,, or A;,. The shapes of the
nodes are point type for odd-parity cases and line type for
even-parity cases. By contrast, a fully gapped TSC may be
realized for the A, pairing. As for the Star of David
structure, the nontrivial SI implies that the mirror Chern
number is 0 mod 6 on the k, = 0 plane and 2 mod 6 on the
k, = m plane. The three-dimensional winding number must
be even (but could also be 0). On the other hand, for the
trihexagonal structure, the mirror Chern number is 2 and 1
mod 6 on both k, = 0 and 7 planes. The three-dimensional
winding number must be odd, implying that the gapped
TSC is a strong TSC. The A, pairing is case IV and our
approach has no predicting power as mentioned before. We
include the results for multidimensional irreps in SM-IIL

Our results impose strong constraints on possible pair-
ings in the gapped phase reported recently [63]. That is,
pairings belonging to 1D single-valued representations of
the point group except for A, and A, must be excluded,
because a full gap is prohibited for these parings. For this
material, nodal superconductivity has also been observed
[64]. The relation between shapes of the nodes and the
parity of the pairing, found above, will also help us identify
the actual pairing symmetry of the material.

Conclusions.—In summary, we applied the theory of SIs
for superconductors to high-throughput identifications of
TSCs or NSCs in a nonmagnetic materials database. We
performed a comprehensive investigation and constructed a
database that lists the topological and nodal nature of
materials (see [39]). We also developed a subroutine [40],
which can diagnose TSCs and NSCs in materials syn-
thesized in the future.

Topological flat bands near the Fermi energy open a
promising avenue for unconventional superconductivity
[65-69]. A recent comprehensive investigation of topo-
logical flat bands [67] reveals that many materials in ICSD
possess topological flat bands. Since materials in our
database largely overlap with them, studying materials
listed in these two databases is a promising direction for
discovering new topological and nodal superconductors
(see Table IV of SM-III).

Our database and subroutine can aid the determination of
the pairing symmetry of superconductors. Results in this
Letter immediately present implications of experimental
signatures such as boundary states, specific heat properties,
or other measurements. An enormous number of materials
predicted in this Letter are expected to facilitate future
explorations of exotic states such as Majorana fermions, the
newly proposed response of TSCs [70], and Bogoliubov
Fermi surfaces.
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