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To realize novel topological phases and to pursue potential applications in low-energy consumption spintron-
ics, the study of magnetic topological materials is of great interest. Starting from the theory of nonmagnetic
topological quantum chemistry [Bradlyn et al, Nature 547, 298 (2017)], we have obtained irreducible
(co)representations and compatibility relations (CRs) in momentum space, and we constructed a complete
list of magnetic band (co)representations (MBRs) in real space for other magnetic space groups (MSGs)
with antiunitary symmetries (i.e.,type-III and type-IV MSGs). The results are consistent with the magnetic
topological quantum chemistry [Elcoro et al., Nat. Commun. 12, 5965 (2021)]. Using the CRs and MBRs,
we reproduce the symmetry-based classifications for MSGs, and we obtain a set of Fu-Kane-like formulas of
symmetry indicators (SIs) in both spinless (bosonic) and spinful (fermionic) systems, which are implemented in
an automatic code—TOPMAT—to diagnose topological magnetic materials. The magnetic topological materials,
whose occupied states cannot be decomposed into a sum of MBRs, are consistent with nonzero SIs. Lastly,
using our online code, we have performed spin-polarized calculations for magnetic compounds in the materials

database, and we find many magnetic topological candidates.
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I. INTRODUCTION

In the past few decades, the topological phases of mat-
ter have attracted a great deal of interest in the field of
condensed-matter physics. New phenomena such as the inte-
ger and fractional quantum Hall effects [1-3], time-reversal
invariant two- and three-dimensional topological insulators
(TIs) [4-8], topological crystalline insulators (TCIs) [9-14],
and topological semimetals [15-20] have been discovered.
The topologically nontrivial materials exhibit robust transport
properties such as the quantized Hall and magnetoelectric
effects, surface states, and Fermi arcs. Theoretical works
reveal that the topology of noninteracting electrons in three-
dimensional (3D) crystals relies on the structure of Bloch
states as a function of momentum. Most recently, the sym-
metry eigenvalues or irreducible representations (irreps) of
all 230 space groups were used to characterize topological
materials through the theories of symmetry-based indica-
tors [21-24] and topological quantum chemistry (TQC)
[25]. As a result, high-throughput screening for topologi-
cal materials has been performed in nonmagnetic materials
[26-28].

Previous studies [21,23,25,29] have concentrated on non-
magnetic space groups, which are known as 230 type-II
magnetic space groups (MSGs) with time reversal (7). In fact,
there are 1651 MSGs, each of which generally contains a uni-
tary part and an antiunitary part (M = G + AG, where M is a
MSG, G is its unitary part, and A is an antiunitary symmetry).
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These MSGs can also be categorized into four classes: 230
ordinary crystallographic space groups without any antiuni-
tary symmetry (type I with A = @), 230 type-1I (withA = T),
674 type-1I11, and 517 type-1V groups (with A = TR). In the
type-IV group, R is a pure translation, and other cases belong
to the type-III group. In the nonmagnetic TQC work, the irreps
and compatibility relations (CRs) in momentum space and
the (elementary) band representations (BRs) are enumerated
for type-I and type-II MSGs. To extend the TQC theory to
all MSGs, the enumerations of irreducible corepresentations
(coirreps), CRs and MBRes, for the type-III and type-IV MSGs
are needed. Even though the symmetry-based classifications
of all MSGs were finished in Ref. [30], they do not give the
physical meaning of the symmetry indicators (SIs). Recently,
the authors of Refs. [31,32] developed magnetic topological
quantum chemistry (MTQC) and obtained physically mean-
ingful SIs for MSGs. They released the full set of MTQC,
including the corepresentations, their compatibility relations,
and the magnetic band corepresentations accordingly [32].
On the other hand, the mappings from SIs to topological
invariants in MSGs have also been investigated in Refs.
[33-35].

In this work, starting from the CRs and BRs of the
nonmagnetic TQC, we have reconstructed MBRs and the Fu-
Kane-like formulas of SIs for MSGs. Although they were
obtained in the MTQC during the long preparation of this
work, it is important to have independent works to generate
them and apply them in the DFT calculations due to the
complexity of the problem. Therefore, we have developed an
automatic code—TOPMAT [36]—to diagnose magnetic topo-
logical materials, and we performed a theoretical search for
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topological magnetic materials. In Sec. II, we review non-
magnetic TQC theory in type-I (and type-1I with 7)) MSGs,
and then we derive coirreps, CRs, and MBRs of type-
I and type-IV MSGs. In Sec. III, we reproduce the
symmetry-based classifications for MSGs, and we obtain the
Fu-Kane-like formulas of SIs by Smith decomposition. An
online code—TOPMAT—is developed to compute them for
any (non)magnetic material with the input “tqc.data” (from
IRVSP) [37]. Finally, in Sec. IV, based on spin-polarized den-
sity functional theory (DFT) calculations, we have performed
a theoretical search for topological magnetic compounds in
the materials database by using our homemade codes. Some
good candidates are presented.

II. MTQC IN 1651 MSGs

In topologically trivial band structures, the Wannier func-
tions are exponentially localized and respect the crystal
symmetries. A set of bands arising from localized, symmetric
Wannier functions form a representation of the crystal sym-
metry group, and they are referred to as BR in TQC theory.
TQC theory contains two concrete aspects. (i) The CRs: based
on them, one can get the information of irreps at any k-points
in the entire Brillouin zone (BZ) from those at maximal high-
symmetry k-points (HSKPs) only, which makes it possible for
the high-throughput screening for topological materials. (ii)
A full list of (elementary) BRs: they are given by not only the
irreps in momentum space, but also by a specific set of orbitals
(i.e.,p@q) in real space. The materials, whose occupied states
cannot be expressed as a sum of BRs, are classified to be
topological. On the other hand, these BRs also indicate the or-
bital character in real space, i.e.,the average charge center and
site-symmetry character. Therefore, the application of TQC
has allowed for the discovery of both topologically nontrivial
materials with novel phenomena [26-28,31] and topologically
trivial unconventional materials (or obstructed atomic limits)
with interesting properties [38—41].

A. TQC in MSGs without antiunitary symmetry

The CRs in momentum space and the BRs in real
space are obtained and established for 230 type-I MSGs in
Refs. [25,42,43]. We briefly review space-group operators,
assuming the reader is a physicist familiar with group theory.
In 3D crystals, space-group operators, h = {R;|v;}, consist
of two parts: a rotation part R, and a translation part v;.
The product of two operations is defined as {R,|v,{{R;|v;} =
{R4R;|Rsv; + vi}. The lattice translation {E|L} acting on a
Bloch state ¢y gives a phase factor of e=/*L.

1. Compatibility relations in momentum space

We start by identifying the maximal k-vectors in the
first BZ [44,45]. The little group of k is defined as
LG(k) : {hlhkk =k + B, h € G} with B integer reciprocal-
lattice translations. In a 3D BZ, all adjacent k; points
connecting to the maximal k-vector kq satisfy LG(k;) C
LG(Kkg). The group theory tells us that the irreducible repre-
sentation of LG(Ky) is also a representation of LG(k;), which
may be reducible or not. These relations are known as the CRs
[42].

2. Band representations in real space

For any position q in the unit cell of a crystal, the set
of symmetry operations s € G that leave q fixed (absolutely,
not up to integer lattice translations L) is called the stabilizer
group, or the site-symmetry group Gq4. By definition, a site-
symmetry group is isomorphic to a point group. Thus, we
assume that the local orbits |W;(F —q))(j =1,...,m) are
transformed as a basis of the m-dimensional representation p
[i.e.,A”(s) is the m x m matrix representation of symmetry
operation s in irrep p].

The set of positions {qy =guqlqe #4qp +L}; g1 =
{E]000}; o, B =1, ..., nare classified by a Wyckoff position
of multiplicity n. Thus, one can find that there are m x n
orbitals |Wj‘" (7 — qq)) = |8.W;(7 — q)) in a unit cell. Consid-
ering the duplicates due to the lattice translations, the space
group G is spanned by the set of all the orbitals (0 @g). In
other words, they form a representation of G in real space.
After Fourier transforms, we can derive the corresponding
matrix representation of symmetry operation 4 (at any k) as
follows:

i - 1 & wm
o e guP) = = > [ HOTIWIG — qu L),
L

t L —i(hk) L Z P t
hck!ja =e Aj,j(s)thk,j,ﬂ
j/

withs = g5 {E| — Lga}hga. (D)

Here, B and Lg, are determined by hq, = qg + Lg,. Thus,
the matrix representations of G are given in Eq. (1) on
the basis of {|ax j« (7)), lak, jo(F)), . .., lak, jo (F))} With j =
I,...,m and @ =1,...,n. The set of symmetry-related
k-vectors {k, = R, k|k, # ks +B}; iy = {E|000}; y, 6 =
1,...,1 are classified by k-stars. The little group of LG(k)
is presented in the basis of {|ax j.(7))}. By assigning the
representations to the irreps of the k little group [43], one
can obtain a set of k-irreps of the BR p @g, especially at the
maximal k-vectors.

B. TQC in MSGs with antiunitary symmetry

To construct BRs in MSGs with antiunitary symmetry
(AS), one needs to get the relations between coirreps in mo-
mentum space and AS-related orbitals in real space. To get an
appropriate description of a MSG M, one should start with its
unitary group G. Saying the eigenstates |¢;—; ) transform
as an m-dimensional irrep p of G, one can take |¢;) and A|¢;)
as the bases for the magnetic group M. Thus, these bases are
dubbed “corepresentations” of M, denoted as D below. To
analyze the reducibility of a corepresentation of a MSG, one
can apply the “Herring rule” [46—48],

| 1 case (a),
_ Z x,(B*)=1{—1 case (b), 2)
Gl S 0  case(c),

where x, is the character of irrep p, and |G| is the number
of elements in G. The Herring rule classifies p into three
classes: p@, p® and p©. In case (a), the corepresentation
D is reducible, D = ,ol.(”) @ ,oi("), while in cases (b) and (c), D

is irreducible, resulting in the double degeneracy of pl.(b) ,ol.(b)
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and pl.(c) pﬁc), respectively. Two related irreps of case (c) are

satisfied in the condition [x,, (R) = x;(A~'RA)]. Thus, the
coirreps of the magnetic group M are labeled by the combined

irreps of unitary group G: ,oi(“), ,oi(b) ,ol.(h), and pl.(”) p;”).

1. Irreducible corepresentations in momentum space

First,we need to identify its unitary group G. After con-
sidering the Herring rule in Eq. (2), we can label all the
coirreps of M by the combined irreps of G. In this work,
all the coirreps for MSGs are solved. They are presented
explicitly in the Supplemental Material (SM) [49]. Thus,
from the CRs of type-I MSG obtained in the previous work
[25], the CRs for coirreps in type-III and type-IV MSG can
be conveniently worked out. To calculate the correspond-
ing coirreps in the DFT calculations, the unitary group of a
MSG is crucial, which can be obtained online [50] (see the
MSG tables in the SM [49]). With the program IRVSP and
its unitary group, one can get the coirreps for a magnetic
compound.

2. Magnetic band representations in real space

At a magnetic Wyckoff position q in a MSG [51], if its
site-symmetry group is antiunitary, we have to figure out the
degeneracy of the irreps of its unitary part by the Herring rule
in Eq. (2) (isomorphic to magnetic point groups). Otherwise,
we have to add other AS-related orbitals to form a MBR in real
space. Thus, we can get the MBRs for MSGs from the BRs of
type-I1 MSGs. After solving the matching of the orbitals in real
space, MBRs are obtained and presented explicitly in the SM
[49].

III. SYMMETRY-BASED INDICATORS OF MSGs

With the CRs and coirreps for all MSGs, a MBR can be
expressed as a vector, consisting of the numbers of differ-
ent coirreps at maximal HSKPs. They form a vector space
{BR} in which the linearly independent ones are regarded
as elementary (M)BRs. On the other hand, the coirreps of
band structures, satisfying the CRs, form another vector space

{CR}. These band structures can be classified by the quotient
group of % [21]. We derive the symmetry-based classi-
fications of MSGs by Smith decomposition [52,53], which
are consistent with Refs. [30-32]. The Fu-Kane-like formulas
of the SIs are obtained in the tables of the SM [49] and
computed by an online code (TOPMAT) for any magnetic
material.

The occupied bands of a material can also be expressed as
a vector. If it is a sum of BRs, it is consistent with the trivial
case with zero SIs. Otherwise, it is topological with nonzero
SIs. In fact, the BR decomposition approach is equivalent
to the SI description. Unlike the symmetry-based classifica-
tions for type-II MSG, the classifications of other MSGs may
yield a Weyl semimetal phase. For example, an odd-number
inversion-based z4 and an odd-number S;-based z, indicate
a set of Weyl nodes at some generic momenta [54-56]. For
more information, one can find the physically meaningful SIs
for MSGs in Refs. [31-35].

IV. SEARCHING FOR MAGNETIC
TOPOLOGICAL MATERIALS

To search for magnetic topological materials, we have
performed spin-polarized DFT calculations with Hubbard-U
calculations (i.e., U = 3 and 7 eV for d and f electrons, re-
spectively). To investigate different magnetic configurations,
noncollinear magnetism and spin-orbit coupling are consid-
ered in our calculations. We propose an automatic process to
search for topological magnetic materials. It is implemented
in MAGTOP [36], and it is user-friendly for the DFT re-
searchers. The searching process can be easily reproduced
online by others for any magnetic material.

A. An automatic process to search for topological materials

(i) We generate POSCAR (SG #A) of a crystallographic
structure with magnetic atoms from the materials database.
Then, we run PHONOPY to standardize the structure and gen-
erate PPOSCAR.

TABLE I. The table of magnetic topological candidates shows the ICSD number, magnetic space group and type, the converged energy,

and the nonzero SIs.

No. ICSD No. MSG (0OG) Type Energy (eV/atom) SIs
44084 SG223 V;3As 1608 III —5.9877 2=
58096 SG223 V;Sb 1608 I —5.7167 =1
428795 SG164 EuMg,Bi, 1319 I —4.9684 22=0,zp=

1321 v —4.9687 =
67671 SG194 InMnO; 1497 I —6.5824 3=2

1501 I —6.5832 3=0,26=4
260109 SG194 Euln,As, 1499 III —5.5771 =

1501 I —5.5768 3=2,26=3
97965 SG148 La,CuRuOg 1247 I —6.9781 =1z=3
104953 SG221 Mn;Pt 1600 v 71117 =1
20449 SG11 YCIO, 65 v —5.9291 =1
20492 SG11 GdCIO, 65 1AY —8.2142 =1
76845 SG221 Mn;GaC 1600 v —6.5658 =2
76070 SG221 Mn;ZnN 1600 v —6.2377 23 =2

035150-3



GAO, GUO, WENG, AND WANG

PHYSICAL REVIEW B 106, 035150 (2022)

=

T\ \\ﬁ V @1\ T @1 @ 1
_ ko.s/\ \ﬁ
S gy P : !
3 /I R IR i
> - (. — : 0 — =
o [ Il [ [ [ I
@ AV A A i
& L I A R A i
A0 Y : 4 P oA LA
' MK TA LH ALK T MK LH ALK
®) 1 VAR /AN RN e g (V)1
_ 0.5N NV osyf /] 0.5
S ) 7\ Do
CA ] : J . L
> 0 — . — o~ — 0
o [ q [ [ o
@ . ‘« R P i
G 05|\ ¢t AN /\: - o 1] -05
4 AN o [ R - 3 A 4
r MK TA LH ALK T MK TA LH ALK I MK TA LH ALK T

FIG. 1. Band structures of magnetic topological candidates: (a) MSG1319 EuMg,Bi,, (b) MSG1321 EuMg,Bi,, (c) MSG1497 InMnOs,
(d) MSG1501 InMnOs, (e) MSG1499 Euln,As,, (f) MSG1501 Euln,As,, (g) MSG1247 La,CuRuOg, (h) MSG1600 Mn;Pt, (i) MSG1608

V3As, and (j) MSG1608 V;Sb.

(i1)) The MSGs in the Opechowski-Guccione (OG) setting
[50] (A.1.X,A.2.X,...) for different magnetic configurations
can be generated by our code. The unitary-part group (SG #B)
and the magnetic configuration in a MSG are given explicitly
by ToPMAT. For compounds with local magnetic moments
on magnetic atoms (neglecting type-II MSGs), we perform
the DFT calculations to obtain the total energies and Bloch
states on maximal HSKPs. By comparing their total energies
(per atom), one can tell the ground-state configuration and
metastable configurations.

(iii) By using IRVSP (irvsp -sg #B), we compute the
(co)irreps for occupied bands and generate tqc.data. Then,
we use the online code TOPMAT to solve the CRs and compute
the SIs. One can find the Fu-Kane-like SIs in the MSG tables
of the SM [49]. If the band structure does not satisfy CRs, it
is a symmetry-protected magnetic metal with crossing points

near the Ep. Otherwise, it could be a topological magnetic
insulator if it has nonzero Sls.

B. Magnetic topological candidates

Based on the DFT calculations, we find some magnetic
topological candidates in Table I with nonzero SIs. Their band
structures are shown in Figs. 1 and 2. To understand detailed
nontrivial topology, such as an antiferromagnetic topological
insulator (AFM TI), an axionic insulator, and a magnetic
topological crystalline insulator (MTCI), one needs to do extra
work, such as the Wannier charge centers of 1D Wilson loops.
In the following, we have investigated GdC10, and Mn3;ZnN
compounds in detail. Their crystal structures and magnetic
configurations are generated by the workflow described in
Sec. IVA.

—
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FIG. 2. Crystal structures and magnetic configurations (denoted by red arrows) of (a) GdCIO, and (e) Mn3;ZnN. Band structures of
magnetic topological candidates: (b) MSG65 YCIO,, (c) MSG65 GdCIO,, (f) MSG1600 Mn;GaC, (g) MSG1600 Mn3;ZnN. (d) WCCs of
the k;k; plane in MSG65 GdClO,. (h) WCCs of the kk, plane in MSG1600 Mn;ZnN.
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The SI of MSG65 type-IV GdCIO; is computed to be
7o = 1, indicating nontrivial nature. Its magnetic band struc-
ture is presented in Fig. 2(c). In the configuration of MSG
65 (P.21/m'), the AS operator is {T|00%}. Thus, the kk;
2D plane has a time-reversal Z, classification. Note that
all energy bands are doubly degenerate in the bulk due
to the presence of inversion symmetry {Z|000} with the
relation [{T|00%}{I |000}]> = —1. The Wannier charge cen-
ters (WCCs) on kj-directed Wilson loops are computed
and plotted as a function of k, in Fig. 2(d). At T (k, =
0) and Y (ky = ), all the WCCs are twofold, and they
switch partners during the revolution, indicating z; = 1 with
nontrivial Z, topology. Thus, MSG65 type-IV GdCIO; be-
longs to the AFM TI phase. On the {T|00%}-preserving
(100)-surface, the topological gapless surface states are
expected.

The ST of MSG1600 type-IV Mn3ZnN is computed to be
z4 = 2. Its insulating band structure is shown in Fig. 2(g). In
the magnetic configuration of MSG 1600 (Prm3m’), an AS
operator is {T|00%} [with respect to the (cubic) conventional
cell of MSG structure]. A mirror symmetry {m,|000} is pre-
served in the k.k, plane, on which the mirror Chern number
is well-defined. The WCCs of k,-directed Wilson loops in
the k, = O plane are obtained in Fig. 2(h). The crossings and
circles denote different m, eigenvalues. The evolutions of the

WCCs indicate that mirror Chern numbers are ani = 42.
Thus, we conclude that MSG1600 Mn3;ZnN belongs to the
MTCI phase.

V. CONCLUSIONS

From the nonmagnetic TQC, we have constructed the CRs
and MBRs for type-III and type-IV MSGs, which are con-
sistent with the MTQC. Then we obtained the Fu-Kane-like
formulas of SIs for MSGs directly by Smith decomposi-
tion. Next, we proposed an automatic process to search for
magnetic topological materials, which is implemented in the
online code TOPMAT to check CRs and compute SIs with the
help of IRVSP. In the end, based on the DFT calculations, we
found many magnetic topological candidates.
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