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Magnetic Weyl Semimetal in K,Mn;(AsQy4); with the Minimum Number of Weyl Points
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The “hydrogen atom” of magnetic Weyl semimetals, with the minimum number of Weyl points, has
received growing attention recently due to the possible presence of Weyl-related phenomena. Here, we
report a nontrivial electronic structure of the ferromagnetic alluaudite-type compound K,Mnj;(AsOy)s.
It exhibits only a pair of Weyl points constrained in the z direction by the twofold rotation symmetry,
leading to extremely long Fermi arc surface states. In addition, the study of its low-energy effective model
results in the discovery of various topological superconducting states, such as the hydrogen atom of a Weyl
superconductor. Our Letter provides a feasible platform to explore the intrinsic properties related to Weyl

points, and the related device applications.
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Introduction.—The realization of elementary particles
(i.e., Dirac, Weyl, and Majorana fermions) in condensed
matter has received growing attention due to high scientific
interest and promising applications in novel quantum
devices [1-21]. Compared with Dirac and Majorana
fermions, Weyl fermions do not need any specific sym-
metry protection (but the lattice translation symmetry) to
guarantee their existence. Weyl semimetals exhibit linear
dispersion around discrete doubly degenerate points
[termed Weyl points (WPs)], whose low-energy excitation
exactly satisfies the Weyl equation of quantum field theory
[22]. In momentum space, the WPs with positive and
negative chirality can be viewed as the “source” and “drain”
points of the “magnetic field” [23], respectively. According
to the “no-go theorem” [24], the total chirality in the entire
three-dimensional Brillouin zone (BZ) must be zero, i.c.,
the WPs always appear in pairs of opposite chirality.
Therefore, the minimum numbers of WPs in nonmagnetic
and magnetic Weyl semimetals are four and two, respec-
tively. This type of Weyl semimetals, called “hydrogen
atom” of Weyl semimetals [25], are of great interest due to
the simple phenomena related only to WPs, such as large
negative magnetoresistance [26-28] and large anomalous
Hall conductivity [29-32]. These properties are particularly
important for related device designs.

Recently, significant progress in symmetry-based strat-
egies [33-38] greatly accelerates the discovery of both
topological insulating states and topological semimetals
[39-41]. However, these elegant strategies can lead to
“false-negative” results in identifying Weyl semimetals
[42,43]. Because of the inexistence of a suitable topological
invariant characterizing the Weyl semimetals, the search of
them is comparatively difficult. Surprisingly, there is a
special system, i.e., magnetic centrosymmetric system, for
which the topological invariant y can be defined by
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j={1.2....05¢c } T;=TRIMs

where 5{ is the parity eigenvalue (1) of the jth band at the
time-reversal-invariant-momentum (TRIM) I';, and n,,.. is
the total number of the valence bands. If y = 1, the system
must have band crossing points around the Fermi level, and
may be a Weyl semimetal [44-46]. Although the hydrogen
atom of nonmagnetic Weyl semimetal has been discovered
[47], and there are some high-throughput screening meth-
ods for Weyl semimetals [43,48-50], the discovery of the
hydrogen atom of magnetic Weyl semimetals is still
challenging but represents a highly desirable state.

In this Letter, the topological properties of alluaudite-
type compound K,Mn;(AsO,); are systematically studied
based on first-principles calculations and low-energy effec-
tive model analysis. The total energy calculations show that
K,Mn;(AsOy); favors a ferromagnetic (FM) ground state
with magnetic momentum in the z direction (i.e., [101]
direction). The FM K,;Mn;(AsOy); hosts only a pair of
WPs with opposite chirality around the Z point, which are
constrained in the z direction by the twofold rotation
symmetry around the direction. More interestingly,
extremely long Fermi arcs exist on the yoz plane of
K,Mn3(AsOy);, which can be easily observed by an
angle-resolved photoemission spectroscopy experiment.
Based on its low-energy effective model, the possible
nontrivial superconductor (SC) states are explored, which
gives rise to the discovery of various novel states, such as
the hydrogen atom of Weyl SC. The hydrogen atom of FM
Weyl semimetal in K,Mn3(AsO,), greatly facilitates the
study of Weyl-related physics only and the device appli-
cations of Weyl semimetals.

© 2022 American Physical Society
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Crystal and magnetic structures of K,Mn3(AsOy)5.—
K,;Mn; (AsOy,); has been experimentally fabricated in bulk
since 2012 [51]. The crystal structure was identified to be of
the alluaudite-type which can be described by the formula
A(2)A(1)M(1)M(2),(XOy)5 [52]. This structure contains
two sets of tunnels in the [010] direction with A atoms at
the centers, embedded in the M(1)M(2),(X0,); frame-
work (see details in Sec. B of the Supplemental Material
[53]). The framework is formed by chains of edge-sharing
MOQOg octahedra, which are linked together by the XO,
tetrahedra. The remarkable flexibility of the framework
allows cation substitution in the X and M sites and tolerates
a wide range of compositional variations, leading to the
presence of interesting electrical transport and magnetic
properties [64—68]. Given the partial occupation of Mn d
orbitals and the observation of magnetic property in
alluaudite-type manganese sulphate [67], we anticipate a
possible magnetic ground state in K,Mn;(AsO,);. By
using the generalized gradient approximation (GGA) +
Hubbard-U (GGA + U) method, the possible magnetic
structures of K,Mn3(AsO,); have been explored (see
calculation method in Sec. A of the Supplemental
Material [53]). Here, we studied eleven collinear magnetic
configurations, including ten antiferromagnetic (AFM)-like
configurations and one FM configuration. The calculations
show that the total energy of the nonmagnetic state is about
45 eV /unit cell lower than that of the magnetic states.
Moreover, the FM configuration lowers the total energy by
dozens of meV compared to AFM-like configurations, and
is the ground state of K,Mn;3(AsO,); (see details in Sec. C
of the Supplemental Material [53]).

Band structures of K,Mn;(AsO,);.—Based on the FM
structure, the band structures of K,Mn;(AsO,); are calcu-
lated and shown in Fig. 1. In the GGA + U band structure
without the consideration of spin-orbit coupling (SOC),
there is a band inversion between the I} band and the I';
band at the Z point, which gives rise to a nodal line circled
around the point, as shown in Figs. 1(b) and 1(d). The nodal
line is protected by the coexistence of inversion symmetry
and time reversal symmetry (TRS). When SOC is included,
the overall shape of the band structure around the Fermi
level (Er) changes very little except the band gap opening
at the nodal line [Fig. 1(c)]. As the system still has the
inversion symmetry, and the irreducible representations of
the two inverted bands become I'j and I';, respectively, the
topological invariant y in Eq. (1) is well defined. According
to the numbers of even and odd valence bands at eight
TRIMs in Table I, y is computed to be 1, guaranteeing the
presence of band crossing points around the Fermi level.
Our calculations show that band gaps open up along the
nodal line except two gapless points (i.e., WPs) on the &,
axis, as shown in Figs. 1(c) and 1(e). The WPs with
opposite chirality [Fig. 1(f)] are constrained on the k, axis
due to the twofold rotation symmetry {C‘§ 0, % ,0}.

Topological surface states and Fermi arcs.—In view of
the fact that one hallmark of Weyl semimetal is the
existence of Fermi-arc surface states, maximally localized
Wannier functions (MLWFs) for the d orbitals of Mn and p
orbitals of O are constructed, which are used to build the
Green’s functions of the semi-infinite slabs by using an
iterative method. The local density of states (LDOS) on yoz
surface, extracted from the imaginary parts of the surface
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FIG. 1.

Electronic structure of K;Mn;(AsOy ). (a) The bulk BZ and the projected yoz-surface BZ with high-symmetry points. (b) The

GGA + U band structure of K;Mn;(AsOy);. (¢) The GGA + U + SOC band structure around the band crossing points near the Fermi
level. (d) The nodal line around the Z point in the BZ. (e) Three-dimensional band structure around the WPs. (f) The evolution of
Wannier charge centers (WCCs) on two spheres enclosing W, (red dots) and W, (green dots), respectively. The coordinates of W, and

W, are K% F (0,0,0.156621) in units of 1/A, respectively.
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TABLE L. The numbers of even and odd valence bands at eight
TRIMs. The positions of the TRIMs are given in three primitive
reciprocal vectors.

TRIM Position Even parity Odd parity
r (0,0,0) 122 130
Y (0,0.5,0) 126 126
V4 (-0.5,0,0.5) 121 131
A (0.5,0,0) 130 122
\% (0,0,0.5) 130 122
L (0,0.5,0.5) 126 126
N (0.5,0.5,0) 126 126
M (0.5,0.5,0.5) 126 126

Green’s functions, are shown in Fig. 2. On the yoz surface,
the WPs are projected to the I'-Z direction, leading to the
existence of gapless dispersion in the direction, as shown in
Figs. 2(a) and 2(c). Along the Y-T'-(—Y) line, there is one
surface state crossing the Fermi level, which is consistent
with the nontrivial Chern number (i.e., C=—1) of the k, =0
plane, as shown in Figs. 2(b) and 2(c). In addition, the
constant-energy contour of the surface states clearly shows
that two Fermi-arc surface states derived from two bulk
electron pockets in the (—Z)-I'-Z direction (enclosing two
opposite-chirality WPs, respectively) are buried in the same
bulk hole pocket in the Y-T-(=Y) direction, as shown in
Figs. 2(d) and 2(e). Because the Fermi arc surface states are
slightly buried in the bulk states at Fermi level, the Fermi
arc states around Y or —Y are blurred. However, a Fermi arc
line crossing the k, = 0 line can still be seen. Compared
with Fermi-arc surface states in well-known nonmagnetic
Weyl semimetals (such as TaAs [8]), there are two distinct
features of the Fermi arcs in K;Mn;(AsOy)5: (i) the Fermi
arcs are extremely long, which are desirable to the related
device applications; (ii) the two states at k and —k on the
constant-energy contour carry parallel spin alignment.
Low-energy effective model.—In order to understand the
main feature of the low-energy band structure of
K,Mnj3(AsOy)5, an effective low-energy 2 x 2 k - p model
is constructed (see details in Sec. D of the Supplemental
Material [53]). When SOC is ignored and the constraints
placed by all symmetries [including inversion symmetry I,
glide mirror symmetry §, = {#_]0,1, 0} (the translation is
given in units of three primitive lattice vectors) and TRS 7]
are considered, the model with the FT band and the I';
band as the basis can be up to second order of k written as

H%(k) = d,(k)o, + d,(k)o,,
with k = (ko ky, k) = (K. K, K.) = K”,  (2)

xo Rys Rz

where k is the momentum vector relative to the Z point; oy, .
are Pauli matrices. d, (k) and d, (k) are odd and even real
functions of k, respectively. The eigenvalues of Eq. (2) are
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FIG. 2. Surface states and Fermi arcs. (a),(c) Energy and
momentum dependence of the LDOS on yoz surface for
K,;Mn;(AsOy);. (b) The evolution of WCCs as a function of
ky for the k, =0 plane. (d) Fermi-arc surface states on yoz
surface at Fermi level. The projected WPs are shown as red and
green dots for different chirality. It is worth noting that the surface
projection of the Z point is the same as the I point as they differ
by a primitive reciprocal vector of the surface BZ (see the
definitions of the surface primitive reciprocal vectors in Supple-
mental Material [53]). So, the projected WPs shown as red
and green dots for different chirality are located at (k,,k,) =
(0, F 0.156621) in units of 1/A. (e) Same as (d) but with the
Fermi arc states at Fermi level highlighted. The spin texture of the
Fermi arc states are represented by arrows.

E(k) = +,/d;(k) 4 d3(k). The degenerate band cross-

ings require

dy(K) = byky + bsk, = 0, (3)

)
d (K) = ¢ + c4kZ + csk + cgk? + c7kk, = 0. (4)

By substituting Eq. (3) into Eq. (4), it is easy to get the
following equality:

(b2C4 + b2C5 - b2b3C ) Ce
- o -k =1 (5)
2¢1 1

As the two bands are inverted along the I'-Z direction,
we can get the requirement cjcg < 0. Therefore, the
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FIG. 3. The FS and the superconducting gap structure. The
crescent (a), torus (b), and ellipsoidlike (c) FS of K,Mn;3(AsOy)5
with chemical potential at = 0.01, 0.05, and 0.1 eV, respec-
tively. The gapless structures of the pairing potential A, (green
dots or lines) and Ap (blue dots). (d) The crossed surface

Andreev bound states in the B,, state with y = 0.1 eV. The Z or Z
point is chosen as the origin point. The charges of the WPs are
indicated.

prefactor of k2 (i.e., —cg/c;) is greater than 0, and the
Eq. (5) is a hyperbola or an ellipse depending on the sign of
the prefactor of kf. By fitting the first-principles band
structure with the model, the values of these parameters are
obtained, as shown in Table S4 [53]. It is easy to find the
sign of the prefactor of k2 is plus. Therefore, the analysis of
the model shows that the band crossing points around the
Fermi level in K,Mn;(AsOy,); form an ellipse around
the Z point, which is consistent with our first-principles
calculations.

After the consideration of SOC, the TRS is broken, while
the glide mirror symmetry and inversion symmetry are
preserved. Therefore, it is easy to get the effective model
with SOC, as shown below

Hgoc(k) = dx(k)ax + dy(k)gy + dz(k)o-z’ (6)

TABLE IL
gapless structure are shown in brackets.

where d,(k) is an odd real function of k (see details in
Sec. D of the Supplemental Material [53]). The eigenvalues
of Eq. (6) are E(k) = :t\/dzx(k) + d}(k) + d?(k). The
degenerate band crossings require d,(k) =d (k) =
d.(k) = 0. Because c¢;cq < 0, there are two gapless points
at (0, 0, +v/—c,/cg), which are WPs in the (—-Z)-I'-Z
direction. Therefore, the k - p models can capture the low-
energy physics in K,Mn3(AsOy);.

The nontrivial SC states.—Weyl semimetals without
TRS are considered as a promising platform to realize
the nontrivial SC states with Majorana quasiparticles [69].
This is because, in the presence of the inversion symmetry
but absence of the TRS, the spin configuration of the
Cooper pair is parallel, namely, conventional spin-singlet
s-wave state is excluded from the candidate of the pairing
symmetry. Next, we briefly discuss the possible SC state in
K,Mn;(AsOy); using the k - p model derived above. The
remarkable feature of K,Mn;(AsOy,); is that the shape of
the Fermi surface (FS) can be easily tuned by doping as its
structure allows a wide range of cationic substitution in K
and Mn sites. We hence also clarify how the SC properties
develop according to the evolution of the FS.

To describe the SC state, we start from the mean-
field Hamiltonian in the Bogoliubov—de Gennes (BdG)
formalism:

Hgyg = / dke} H(K)ey, (7)

([ Hipc(k) —u A(k)
H(k)_( A'(K) —H%;sc<—k>+u>’ ®)
ex = (Crao Cog €] o €310 )

where A(k) is the SC pairing potential and p is the
chemical potential. For the above BdG Hamiltonian, we
consider the following pairing potentials which can be
classified into four irreducible representations of
the Cy, point group: A, =ilA¢k.o,, Ap =iAok.0,,
Ay, =iAgk.0p, and Ap = iAyo,. To clearly see the SC
gap structure of each pairing state, we derive the single band
representation of the pairing potential (see details in Sec. E of
the Supplemental Material [53]).

SC gap structures and the type of SC of the possible pairing states. The number and position of the

Representation Crescent FS Torus or ellipsoid FS Type of SC
A A, Nodal surface Nodal surface Gapless
A B, Nodal surface Nodal surface Gapless
Ay, WPs (4, generic) Nodal line (2 or 1, k, = 0 plane) p, + chiral-f
Ag, WPs (4, k, axis) WPs (4 or 2, k, axis) Chiral-p
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It is found that the conduction band components of the
even-parity pairings, AAg and ABg, are zero, which means
that they have similar nodal surfaces (i.e., crescent, torus,
and ellipsoidlike nodal surfaces). Interestingly, the crescent
nodal surface states are topologically protected and char-
acterized by a pair of topological charges (i.e., Z, @ 27)
(see details in Sec. F of the Supplemental Material [53])
[70,71]. However, the even-parity pairing states are less
likely to occur due to the inexistence of the superconduct-
ing gap. On the other hand, for the odd-parity pairings, the
single band representations are obtained as

RIC) P

- ik, A k
AC — lkz 0 [l + dz( )_ (1
& &

A, 2

- Ag
" £

[d.(k) — id, (K)], (11)

indicating that A4 and Ap can be effectively considered as
p, + chiral f-wave state and chiral p-wave state, respec-
tively. By solving AS =0 (a = A, or B,), it is found that
A, and Ag pairings exhibit WPs or nodal lines depending
on the position of the chemical potential u, as shown in
Fig. 3. When the FS is the crescent shape (1 = 0.01 eV),
WPs on the generic momenta and k, axis are presented in
the A, and Ap pairings, respectively. On the other hand,
when the FS is a torus (# = 0.05 eV) or an ellipsoidlike
(u = 0.1 eV) surface, the nodal lines (WPs) appear on the
k., = 0 plane (k, axis) for the A, (Ap ) pairing. The SC
gap structures of the possible pairing states are also
summarized in Table II. When the chemical potential is
low, there are two pairs of WPs on the k, axis for the B,
state. As the chemical potential increases, one of the pairs
approach each other. They meet and annihilate at the BZ’s
center finally (see details in Sec. F of the Supplemental
Material [53]). Therefore, there is only a pair of WPs left,
i.e., it is a hydrogen atom of Weyl SC. The WPs lead to
novel crossed surface Andreev bound states, which are
associated with the nontrivial Chern number [72], as shown
in Fig. 3(d).

Conclusion.—In summary, we propose that hydrogen
atom of magnetic Weyl semimetal can be realized in the
FM alluaudite-type compound K,Mn;3(AsOy,);. The pres-
ence of two WPs constrained in the z direction leads to
extremely long Fermi arcs on the yoz plane, which are
expected to be easily observed in measurements. Moreover,
we have shown that the odd-parity chiral p-wave and chiral
f-wave state can be realized in K,Mn;(AsOy);. Depending
on the shape of the FS, a wide variety of the super-
conducting gap structure can be realized in the odd-parity
SC, such as hydrogen atom of Weyl SC with novel crossed
surface Andreev bound states.
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