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Ferromagnetic Weyl semimetal phase in a tetragonal structure
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Magnetic topological semimetals have drawn significant interest since they can combine band topology with

intrinsic magnetic order. Here, we propose that ideal Weyl semimetal features can coexist with a ferromagnetic
(FM) ground state in a class of compounds with centrosymmetric tetragonal structures. In this magnetic system
with inversion symmetry, the direction of magnetization is able to manipulate the symmetry protected band
structures from a node-line type to a Weyl one in the presence of spin-orbital coupling. The FM node-line
semimetal phase is protected by mirror symmetry with the reflection-invariant plane perpendicular to the magnetic
order. Within mirror symmetry breaking due to magnetization along other directions, the gapless node-line loop
will degenerate to only one pair of Weyl points protected by rotational symmetry along the magnetic axis, which
is largely separated in momentum space. Such a FM Weyl semimetal phase offers a nice platform with a minimum
number of Weyl points in a condensed matter system. These findings provide several realistic candidates for the
investigation of topological semimetals with time-reversal symmetry breaking, especially demonstrating the use
of system symmetry as a powerful recipe for discovering FM Weyl semimetals with attractive features.

DOLI: 10.1103/PhysRevB.96.201102

Magnetic topological materials, including topological in-
sulators (TIs) [1-5] and topological semimetals (TSMs) [6—8]
in their quantum-well structures with time-reversal (TR)
symmetry breaking, have attracted intensive attention recently.
Distinguished from gapped magnetic TIs, magnetic TSMs host
finite numbers or continuous nodal lines of band crossing
points near the Fermi level in momentum space. Such crystal
symmetry protected features lead to exotic conductive surface
states, which are Fermi arcs in Weyl semimetals (WSMs) [7]
and drumhead states in node-line semimetals (NLSMs) [9].
The realization of these robust spin-dependent surface states
is a key step in achieving unusual spectroscopic and transport
phenomena, especially the experimental observation of the
quantum anomalous Hall effect (QAHE).

Up to now, nonmagnetic TSMs have been studied in-
tensively [10-20], but only a few magnetic TSMs have
been proposed [6,8,21,22]. For instance, magnetic HgCr,Se4,
defined as a Chern semimetal, has been predicted to host two
nodal points [6], which does not fully satisfy the WSM features
since each crossing point possesses a chiral charge of 2. So far,
the nontrivial properties of HgCr,Se4 have not been verified
experimentally [23,24]. Antiferromagnetic (AFM) YbMnBi,
[21] and Mn3 X (X = Ge, Sn) [22] were proposed to possess
TR breaking Weyl fermions, and especially the latter exhibits
a large anomalous Hall effect due to a noncollinear AFM
configuration [25,26]. Very recently, magnetic Heusler alloys
were also predicted to host the topology of WSMs [8,27].
However, the energies of the Weyl points are much higher
(~0.6 V) above the Fermi level, therefore challenges remain
on manipulating Weyl points relative to the Fermi level [8] for
future applications. The identification of materials with easily
observable ferromagnetic (FM) Weyl fermions thus defines an
important problem in the study of this topological phase.
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In this Rapid Communication, we will begin by recalling
the topological constraints that spatial inversion symmetry
imposes in magnetic materials, in which the spin degeneracy
of electronic bands is removed by breaking TR symmetry.
In a three-dimensional system with breaking TR but keeping
spatial inversion, the topological behaviors are determined
by the parity eigenvalues of occupied states at eight TR
invariant momenta (TRIM) points ki,, [28,29]. If the prod-
uct xp = Hkmv;i coce Cilkiny) of the inversion eigenvalues of
occupied bands at all TRIM points is —1, this implies that
the system may be a WSM, coexisting with an odd number
of pairs of Weyl points [28]. This allows us to explore or
design the topological electronic properties of WSMs based
on the parities of occupied bands. We will then perform
first-principles calculations and high-throughput screening
of the band-structure topology of materials in the inorganic
crystal structure database (ISCD) [30]. The existence of a FM
WSM phase in the experimentally synthesized compounds
B-V,0PO, [31-33] and Co,S,TI [34,35] is predicted. Using
high-throughput calculations, we also predict a class of
materials Fe; S, X (X = Al Ga, In) that can possess the same
topological features. All of the above compounds share a body-
centered-tetragonal (bct) structure with inversion symmetry.
Although these candidates have different chemical formulas
and even space groups, our symmetry analysis shows that the
symmetry protected band topology is due to their identical
magnetic space group with a fixed magnetization axis. The
topological phase, such as FM NLSM and WSM features, can
be switched by changing magnetization directions. The NLSM
band structure with spin-orbital coupling (SOC) is protected by
mirror reflection symmetry with the reflection-invariant plane
perpendicular to the spin-polarized direction. This gapless
node-line loop will degenerate to one pair of well-separated
Weyl points once mirror reflection symmetry is broken by
varying the magnetization directions. In such a case, these
systems possess the minimum number of Weyl points in a
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FIG. 1. Crystal structure and Brillouin zone (BZ). (a) Side and
(b) top views of the crystal structure of -V,0PO, with space group
14,amd (No. 141). V, P, and O atoms are represented by blue, green,
and red spheres, respectively. (c) The body-centered-tetragonal (bct)
BZ and the corresponding (001) surface BZ. The high-symmetry
points are indicated. Two Weyl points with opposite chirality are
symmetrically located at the I"-X axis as red (C = +1) and black
(C = —1) dots, with magnetization along the [110] direction.

condensed matter system. In the main text, we will use the
vanadium phosphorus oxide 8-V,OPOQy, a realistic material
synthesized in 1989 [33], as an example to illustrate the
topologically nontrivial features of this class of materials with
tetragonal symmetry. Detailed results of the other compounds
are given in the Supplemental Material (SM) [36].

As illustrated in Figs. 1(a) and 1(b), the B-V,0POy4
compound crystallizes in a bct structure with a space group
I14;/amd (No. 141). The optimized lattice constants are
a=5465A and ¢ = 12.544 A, which are in excellent agree-
ment with the experimental values a =5 362A and ¢ =
12.378 A [33]. The O atoms occupy two Wyckoff positions 4a
(0.0,0.0,0.0) and 164 (0.000 00,0.237 62,0.432 99). The P and
V atoms are located at the Wyckoff positions 45 (0.0,0.0,0.5)
and 8¢ (0.250,0.000,0.875), respectively. The bct Brillouin
zone (BZ) and (001) surface BZ are shown in Fig. 1(c), in
which the high-symmetry points are marked.

We perform first-principles calculations using the Vienna
ab initio simulation package (VASP) [37,38] based on density
functional theory [39,40] (see more details in SM [36]).
The random-phase approximation (RPA) is use to deter-
mine the magnetic configuration [41]. Our results confirm that
the ground state of 8-V,0PO, is FM, which is about 57 meV
lower than the AFM state per unit cell. The magnetic moment
is ~2.5up per V atom. The electronic band structure in the
absence of SOC [see Fig. 2(a)] shows that the spins and orbitals
are independent and two spin channels are decoupled around
the Fermi level. These two spin channels present different
electronic states, i.e., a ~3.68 eV band gap of the minority
spin states and the semimetallic features of majority spin
states, indicating the half-metallic properties of S-V,0POy.
The band crossings appear around the I' point in the k, = 0
plane, giving rise to a symmetry protected nodal-line loop.
These two crossing bands belong to states that have opposite
eigenvalues £1 of mirror reflection symmetry operation M,,
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FIG. 2. (a) The band structure of B-V,0PO, along high-
symmetry lines without spin-orbital coupling (SOC). The majority
and minority spin bands are denoted by the solid (black) and dashed
(red) lines, respectively. (b) Band structure with SOC. The upper
right inset represents the bands in the I'-X direction with a [001]
magnetization direction, and each band corresponds to either of
the mirror eigenvalues i and —i. The lower left and right panels
respectively denote the bands in the I'-X and I'-X directions with
a [110] magnetization direction. The two crossing bands in I'-X
respectively belong to the two irreducible representations I'; and I'y
of CI1°,

respectively, which protects the nodal ring in the k.-k, plane
with k, = 0 [10]. The spin-polarized nodal ring shows a tiny
dispersion, and the maximal deviations are ~12 meV higher
and ~36 meV lower from the Fermi level Ef in the I'-X and
I'-X directions, respectively.

As shown in Fig. 2(b), the SOC has little influence on the
band structure, and half-metallic ferromagnetism remains. The
spontaneous magnetization direction is determined by study-
ing the total energy of the system with magnetization along
different high-symmetry axes. The [001] axis is found to be in
the energetically most favorable magnetization direction. It is
worth mentioning that all possible magnetic configurations are
nearly degenerate, implying that the magnetism in 8-V,0PQOy4
is “soft.” The magnetic configurations can be switched easily
by applying an external magnetic field. In the presence of
SOC, magnetic symmetry is dependent on the direction of
magnetization. We will respectively present the topological
features of 8-V,0OPQy for two typical magnetization directions
of [001] and [110].

When the magnetization direction is along the [001] direc-
tion, the system symmetry is reduced to the point group Cyy,
which is the subgroup of Dyj;,. For the Cy4;, group, the fourfold
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FIG. 3. (a) B-V,0OPO, with the magnetization direction along the
[001] axis, and a variation of the Berry phase along the high-symmetry
lines in a k, = O plane. (b) With the magnetization direction along
the [110] axis, the evolution of the average position of Wannier
centers obtained by the Wilson-loop method applied on a sphere that
encloses a Weyl point. The average Wannier center shifts downwards
from south to north, indicating a negative chirality W~. The average
Wannier center shifts upwards from south to north, indicating a
positive chirality W*. (c) The distribution of Berry curvature for
the k, = O plane. The red and black regions denote the Weyl points
with negative and positive chirality, respectively.

rotation C} is tensored by inversion I, namely, C; ® I. This
magnetic group contains eight irreducible symmetry operators:
inversion /, fourfold rotation C;, the product of time reversal 7
and twofold rotations of C, symmetry axes [100], [010], [110],
[110], and the product (1 C5) of inversion I and rotation C3.
The group element I Cj is equivalent to the mirror reflection
symmetry corresponding to the x-y plane, which can protect
the existence of a gapless nodal ring in the k£, = 0 plane
with respect to SOC [8,10,36] [see Fig. 2(b)]. The topological
invariant of the nodal ring can be viewed as a variation of the
quantized Berry phase with respect to the mirror plane [42],
which is related to the change at the end of the one-dimensional
system along a line across the ring in the k, = 0 plane. As
shown in Fig. 3(a), the Berry phase of 5-V,0PO, shows a jump
across the ring, further confirming the topological features
of the nodal ring perpendicular to the [001] magnetization
direction.
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Our calculations suggest that the magnetization along other
directions is energetically nearly degenerate with the [001].
When the magnetization deviates from the [001] direction,
mirror reflection symmetry is broken. Here, we take the case
of [110] magnetization as an example since the symmetry
analyses for other cases are essentially the same. The group
elements of the corresponding magnetic space group Cy
remain: 1, CJ!1® and TC3%, TC}'. The vanishing of mirror
reflection symmetry makes the nodal line gapped. However,
the antiunitary symmetry 7'C5 allows the existence of Weyl
points in the k, = 0 plane. A pair of Weyl points protected by
C,'° rotation is present on the k, = k, axis (see SM [36]).

We also calculate the parities of inversion eigenvalues at
all TRIM points. The product of the occupied bands running
over all TRIM points is —1, confirming the presence of an odd
number of pairs of Weyl points [28]. As shown in Fig. 2(b), the
two crossing bands along I'-X (or [110]) near the Fermi level
belong to the irreducible representations I's and I'y of Cz”o,
respectively. The chirality of the Weyl point can be determined
by the evolution of the average position of Wannier centers,
and the Wilson-loop method applied on a sphere around a Weyl
point is used [43,44] [see Fig. 3(b)]. The Weyl point with a

Chern number C = +1 is located at (0.46 A~ ,0.46 A™',0) in
momentum space, while the Weyl point with a Chern number
C = —1related by I symmetry is located at the same axis with
a position of (—0.46 A, — 0.46 A~',0) [see Fig. 1(c)]. The
Weyl points only exist on the k, = k, axis, which can be further
verified by the Berry curvature. As shown in Fig. 3(c), the
Weyl points with positive and negative chirality are regarded
as the “source” and “sink” of the Berry curvature in momentum
space.

As discussed above, our results indicate the existence of ei-
ther FM topological NLSM or WSM phases in the 8-V,0PO4
compound, depending on the magnetization direction. The
other materials, such as Co,S,Tl and Fe,S, X (X = Al, Ga,
In), exhibit similar band structures (see SM [36]). Their
topological features are determined by magnetic symmetry
and are not sensitive to chemical compositions. The specific
NLSM features are protected by mirror reflection symmetry
in the case of [001] magnetization, while the generic WSM
features arise with a magnetization direction along another
high-symmetry axis. The Weyl points would be protected by
C} rotational symmetry, where n represents a symmetry axis
in the x-y plane. In comparison with isotropic magnetization
in B-V,0OPQy4, we find that the magnetization directions of
Co,S,Tl and Fe;S, X lying in the (001) (or x-y) plane are
energetically most favorable [36]. Hence, the WSM features
are dominated in these compounds with a FM ground state.
For FM WSM, there only exists a pair of well-separated
Weyl points, which is the minimum number of Weyl points
in condensed matter systems. Considering that the energy of
the Weyl points is very close to the Fermi level, e.g., ~12 meV
with the [110] magnetization direction in FM B-V,0PQy,
therefore, we suggest that our proposed compounds are
excellent experimental candidates for the observation of the
nontrivial properties in FM WSMs.

One hallmark of nontrivial semimetals is the existence of
a topologically protected surface state, which arises from the
inversion of band topology. Topological surface states connect
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FIG. 4. Surface states and Fermi surfaces of $-V,0PO; with
magnetization along the [110] direction. (a) The energy bands
projected on the (001) surface. In the left of (a), the upper and
lower panels show magnified views of the regions near the X and ¥
points, respectively. (b) The corresponding Fermi surface for the (001)
surface. The projected Fermi surface is calculated with a chemical
potential at 60 meV above the Fermi level. (c) The spectral function
with only a surface contribution of (b). The yellow and black dots in
(b) and (c) denote the Weyl points with positive and negative chirality
projected on the (001) surface, respectively.

the valence and conduction bands. The drumhead surface states
of NLSMs will appear when the gap of the bulk band is closed,
forming a nodal ring. Since the energy gap openings, except at
the Weyl points of WSM, are very small, this makes only a tiny
difference in the surface states between the NLSM and WSM
phases. Here, we present the surface states and Fermi arcs in a
[110] magnetic configuration. To obtain the surface states, we
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constructed a tight-binding (TB) Hamiltonian with a basis of
maximally localized Wannier functions [45,46] in which the
Green’s function method [47] is employed as implemented in
the WANNIERTOOLS code [48]. The calculated local density of
states (LDOS) and Fermi surface projected on a (001) surface
of B-V,0PO, are shown in Figs. 4(a) and 4(b), respectively.
The surface states are clearly observed in Fig. 4(a). On the
(001) surface, the antiunitary magnetic symmetry 7'C, leads
to different behaviors for the surface bands around X and Y.
Although some trivially residual bands would project on the
(001) surface of this compound, the Fermi arc states denoted
by the red line are quite clear, as shown in Figs. 4(b) and 4(c).

In conclusion, using first-principles calculations and topo-
logical constraints in a crystal with inversion symmetry,
we theoretically identify a class of FM TSMs that can
widely exist in centrosymmetric tetragonal structures, such
as ,3—V20PO4, COzSle, and FeZSZX (X = Al, Ga, Ill). These
materials can possess FM nontrivial properties of TSMs, either
NLSMs or WSMs, that can be easily switched between each
other by changing the magnetization directions. When the
magnetization is along the [001] direction, these compounds
present a gapless nodal ring at the k,-k, plane with k, =0
in momentum space, which is protected by mirror reflection
symmetry. When the magnetization directions deviate from
[001], the nodal ring will degenerate to a pair of Weyl points
due to the vanishing of mirror reflection symmetry. These two
Weyl points located at the k.-k, plane with k; = 0 are well
separated, protected by twofold rotational symmetry along the
magnetization directions. All of the nontrivial band-crossing
points are very close to the Fermi level, and the topology of
the system is confirmed by the existence of nontrivial surface
states. Our finding provides a realistic and promising platform
for the investigation of FM TSMs in experiments, especially
towards the realization of a quantum anomalous Hall effect in
condensed matter systems.
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